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PREFACE 



This book has been developed from the notes and exercises 
which the author has prepared for his students in Electrical 
Engineering at the Sheffield Technical School, and whilst there 
is not much room for originality in the subject matter of the 
book, it is hoped that the arrangement and exercises may 
possess some educational value. Primarily, its scope is educa- 
tional ; the aim of the writer being that of teaching the 
fundamental principles of Magnetism and Electricity in the 
laboratory, and of making careful and accurate observations. 
It is also hoped that it may form a suitable course of instruction 
for advanced students of organised Science schools, and for 
first year students of the numerous Technical schools now 
undertaking such instruction. 

Whilst doing this, an endeavour has also been made to give 
electrical engineering students a familiarity with the principles 
of measuring instruments ; and by including a large amount of 
quantitative work, to give a training in electrical measurements 
and in recording experimental results in an intelligent manner, 
so as to fit them for the testing room of electric light and cable 
stations. The book is, in fact, an lutio^isajcXOkT^ ^^^xsxsr. '\sv 
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Electrical Tesling, and is introductory to a second volume — 
which is in preparation — dealing with Practical Electrical 
Engineering, such as the measurement of insulation resistance, 
ballistic galvanometer work, testing of dynamos and motors, 
the calibration of measuring instruments, photometry, and 
alternating current measurements. 

The figures consist of sketches of details of apparatus, 
diagrams of connections, and the arrangement of apparatus. 
They have been prepared specially to show students the 
method of representing the arrangement of the apparatus and 
connections in their note books. 

In conclusion, the author desires to acknowledge his in- 
debtedness to the following authors of valuable laboratory 
manuals : Stewart and Gee, Glazebrook and Shaw, Nichols 
and Ayrton ; and to thank his friend E. J. Bedford, Esq., Science 
Demonstrator to the Sheffield School Board, for carefully 
revising the proof sheets, and for making many valuable sug- 
gestions. 

Ellis H. Crapper. 

Sheffield Technical School : October 1896. 
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CHAPTER I 

MAGNETIC FIELDS AND THEIR MEASUREMENTS 

nsagnetlc Fields. Notes and Definitions. — Magnetism is the 
influence in virtue of which certain bodies, called magnets, possess 
the following distinctive properties : 

(i) A tendency to set themselves in a definite direction, 
parallel to a certain direction in space, called the magnetic 
meridian. 

(2) The power to attract iron filings, pieces of iron and steel, 
and to deflect magnets that are free to move from their positions of 
rest. 

(3) The power to endue magnetic substances in their vicinity 
with magnetism, so long as the substances remain in their 
neighbourhood. Steel retains this magnetism after removal. 

Each of these properties implies the existence of force, which 
in the first case is external to the magnet and is due to the earth's 
magnetism, whilst in the other cases it springs from the magnet. 
Consequently, at every point in the neighbourhood of a magnet 
there is magnetic force, forming a field of force. '*r^ 

Def, — A magnetic field is the region or space within which 
magnetic force manifests itself 

All magnets and the earth have magnetic fields, and every- 
where in such regions the magnetic force has a definite direction 
ftnd magnitude. In practice it is convenient to make use of a 
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useful conception, by means of which the direction in which thi 
magnetic force acts is indicated by means of imaginary line^ 
called lines of force. 

Def, — A line of magfiettc force is an imaginary line in i] 
mafrnetic fields which at every point is in the direction of the rend^ 
tant magnetic force at that point. 

Magnetic force due to magnets appears to spring fix>in 
centres of force or points of maximum intensity, situated n 
at the ends of the axis of the magnet. Such points are called 
poles of the magnet. The quantity of magnetism acting 
concentrated at a pole is termed the strength of the pole, TK; 
lines of force of a magnet are partly external and partly intemL. 
The external lines, or briefly the lines of force, emerge fix>m fii 
N or + pole, and enter the magnet again at the s or — pole. Tin 
internal lines, which lie within a magnet, are known as lines 
magnetisation. The axis of a magnet is the straight line joining 
the poles of a magnet. 

Def — A centimetre-gramme-second {C.G.S.)unit magpuiic pA 
is that N magnetic pole which exerts a force of one dyne upon 
equal magnetic pole one centimetre distant in air. 

The fundamental law of magnetism states that like ma^ 
poles repel and unlike magnetic poles attract^ antl Coulomb (US'! 
covered by means of his torsion balance that the magnetic fo] 
exerted between two poles is directly proportional to the product 
the pole strengths, and inversely proportional to the square of 
distance between them. Stated algebraically this is 

/(dynes) =^^^1 (in air). . . . (i 

where ;;/ and m^ are the pole strengths, and d the distance beti 
the poles in centimetres. 

The properties of a magnetic field are completely known wl 
the intensity of the field diXid. the direction of the lines of force 
specified. The strength or intensity of the field is usually den< 
by the letter H, and H fis measured at any point of a field by 
mechanical force in dynes which a unit magnetic pole woukl' 
experience if placed at that point, A field of unit intensity is suc> 
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that it exerts a force of one dyne on a unit magnetic pole placed 
in it The force in dynes exerted on a magnetic pole of m units 
strength when placed in a magnetic field where the strength is 
H units, is equal to the strength of the field, H, at that point in 
C.G.S. units, multiplied by the strength of the pole, since the 
force exerted will be m times the force exerted on a unit pole — 
that is,/»Hx/« . . (2) 

and H (strength of field at a point) = force in dynes ^ .. 

^ ^ r / strength of pole ^^' 

From this last statement it is clear that if the pole be unity, 

then the same number denotes the strength of the field at a 

certain point and also the force exerted at that point This gives 

us a means of determining the strength of a field due to a magnet 

at any point in its field ; since, if we assume a N pole of unit 

strength to be placed at that point, and the pole strength of the 

magnet to be »i, then by equation (i) 

but /=H .-. U = mld^ . (4) 

This is only correct when the magnet is so long that the other pole 
has no effect at the point under consideration. Under ordinary 
circumstances, when both poles of the magnet influence the 
strength of the field at the point, then, if / be the length of the 
magnet in centimetres, 

/= ^ ^—^^ for points along the axis of the magnet 

produced (5) 

For all other points the directions of the forces due to the two 
poles make an angle with one another, and to find the resultant 
orce at the point the rules for determining the resultant of two 
forces in mechanics must be employed. Thus, in fig. i, if n and s 
are the poles of the magnet of strength m, and the point P be ^ 
centimetres from N and d^ centimetres from s, then if a unit N pole 
be placed at P, it is repelled by N with a force = mjd^ dynes, which 
is denoted in magnitude and direction by the length p/i, and 
attracted by S with a force = mjd^^ dynes, which is represented in 

B 3 
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magnitude and direction by the length P s. By completing the 
parallelogram vnos^ the resultant force is represented by tbe 

length p ^ to the same scale as before^ 
both in direction and magnitude; 
That is, the length P to the j^ m* 
scale as P » and P 5 represents tbe 
strength of the field at P. In this 
way the strength at any other point 
may be determined. 

The intensity of a magnetic { 
field is often represented by a 
number of lines of force which aicj 
assumed to cut the unit 
I square centimetre— in a plane at right angles to the direction ofl 
the lines. The unit field is thus represented by one line per sqaaifj 
centimetre, and a field of H units strength is assumed to 
H lines per square centimetre. 

Experiment i A. — ASaps of ASarnptlo Yields ana 

Xitnes of Force. 

Apparatus, — Three bar magnets, 10 centimetres by i o 
metre by \ centimetre, marked A, B, c, and unequally 
ised ; two similar horse-shoe magnets, several pieces of soft 1 
a small flat ring of soft iron about \\ inches in diameter, 
iron filings in a muslin bag, a sheet of thin glass, several s 
compass needles nicely pivoted on needle points. 

Sketch the lines of magnetic force mapped out by the fili 
sifted through the muslin, and let fall from a height of 10 
12 inches on to the sheet of glass, placed horizontally over 
magnets as detailed below. By gently tapping the glass as 
filings fall, the magnetic curves will be more distinct. By using 
the positions of the magnets are seen, and they should be she 
the sketches. 

(i) One bar magnet placed horizontally. 

(2) Two bar magnets parallel to one another, like poles adj; 

(3) Two bar magnets parallel to one another, unlike 
adjacent. 
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(4) One horse-shoe magnet placed horizontally. 

(5) Two horse-shoe magnets placed horizontally, poles forming 
a square. There are two cases ; take both arrangements. 

(6) One bar magnet placed vertically, to get field in a plane at 
right angles to the direction of the axis. 

(7) One bar magnet placed parallel to the poles of a horse-shoe 
magnet. 

(8) A piece of unmagnetised soft iron touching one pole of a 
horse-shoe magnet, and placed so as to make an angle of 45° with 
the axis. 

(9) A piece of unmagnetised soft iron placed parallel to the 
poles of the magnets in (2) and (5). 

(10) A small flat ring of soft iron placed between two poles in 
(2), (3), and (5). 

By placing the small compass needles at different points in the 
above fields, it will be noticed that they always take up positions 
as tangents to the lines of force, and the positive direction of the 
lines of force is that in which the N pole of the needle points. In 
this way magnetic fields may be mapped out as well as by iron 
filings. 

Exercises, — (i) Write a short account of the characteristic 
properties of magnetic curves. 

(2) Explain magnetic induction from the figures due to (8) and 

(9)- 

(3) Write a short account of magnetic screens or cages from (10). 

Experiment i B. — Betermlnatlon of tbe Blreetlon of 

Superimposed Fields. 

Apparatus, — Bar magnet and small compass needle with a 
glass pointer freely suspended within a glass jar, as shown in 
fig. 2. On the base of the instrument and immediately under the 
needle a circular scale graduated in degrees is fixed, the diameter 
of which is slightly smaller than the diameter of the jar. 
\ The following are useful examples of the way the magnet field 
It a point due to a magnet may coincide and augment^ oppose and 
iiminisk or neutralise^ the field due to the earth at that poltvC ^ 
I magnetic field exists at a point the sws^^xv^^^ t^^^^^ ■a^c«'»^i^ 
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indicates its direction. If no field exists the needle will come to 
rest in any position. 

Vraotleal Bserolses. — (i) Determine the magnetic meridian 
by means of the suspended needle, and then place a bar magnet in 
the meridian about lo centimetres from the centre of the needk^ 
(a) with the N pole pointing north, {b) with the S pole pointing 
north, and occupying the place previously occupied by the N pole: 
Determine the direction of the resultant field in each case. 

(2) With the s pole of the magnet pointing north (and still in 
the meridian) find the position of the magnet where the earth's 
influence on the needle is neutralised. To do this move the 
magnet until the needle comes to rest in different positions when 
displaced. 

(3) Draw a line at right angles to the meridian through the 
centre of the needle, and place the bar magnet to the west of the 
needle in a line parallel to the meridian, so that the £ and w line 
bisects the axis of the magnet about 5 centimetres from the centre 
of the needle, (a) with the S pole of magnet pointing north, (fi) the 
N pole pointing north. Determine the direction of the resultant 
field at the point occupied by the needle. 

(4) Describe a circle of 10 centimetres radius about the point 
of intersection of the line at right angles to the meridian (in 3) with 
the magnetic meridian, and place the magnet A, pointing east and 
west, with its centre on the circle, and note the deflection of the 
needle suspended at the centre of the circle. Do this for twelve 
positions (30" apart) on the circle, in each case keeping the magnet 
pointing east and west. 

Exercise. — Prove, graphically, that the results obtained in (3) 
are consistent with the statements made with reference to fig. i. 

Experiment i C — nseasnrement of nsarnetio Force and 
Strengtli of Field at any Point by ASethod of Befleetloii. 

Apparatus. — ^The three bar magnets A, B, c ; the small sus- 
pended magnetic needle with scale (fig. 2) ; large sheet of drawing 
paper on drawing board, together with meter rule. 

(i) Draw two lines across the paper at right angles to one 
another, and place the board so that one of the lines coincides 
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with the magnetic meridian. Mark this line NS, and the other 
EW. Place the suspended needle at O, the intersection of the 
lines N S and E w, and the bar magnet A to the west of the needle, 
in the E and w position as shown in fig. 3. This position is known 
as the ena-on position. In consequence of the superposition of 
fields we have now at o, (i) the field due to the earth's magnetism, 
the direction of which is N and s, and which is of constant intensity, 
denoted by H ; and (2) a field due to the magnet A, in the direction 
O E, the intensity of which depends upon the distance of A from O, 




Fig. 3. 



according to equation (5). Let F denote the strength of the field 
at O due to A ; and by varying the position of A it will be noticed 
that the suspended needle takes up different positions, which in all 
cases are in the direction of the resultant field. Move A until the 
needle makes an angle of 45° with N O. Then it is clear that since 
O n bisects the angle N O E, the two component fields H and F at O 
are equal. In other words, H = F. In this way we have the means 
of determining the strength of the field at a point due to a magnet, 
since the intensity of the earth's field is constant and a known 
quantity. For our purpose H may be taken as 'iS, and by noting 
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the distance of A from o we can calculate the pole streng^ 
from equation (5). Remove A and place another bar magnet, 
the end-on position, to the east of the needle, the N pole j 
facing the needle. Find the position of B for a deflection o 
As before, Y\ - H, Fj being to the strength of the field at o due 
Place A as before, B being still to the east, and note the r 
The fields due to A and B are now in the same straight line, 







I 

u 

Fig. 3. 

and, being equal and in opposite directions^ their resultant at 
zero, and consequently the suspended needle is only under 
action of the earth's field. By doing the same with A and c, a: 
and c, we can determine relatively the pole strengths of A, B, ai 
Again, take the two bar magnets A and B, and place them in 
positions already determined, B being inverted so that the s 
takes the place of the N pole, and as their fields at O are equal 
co-directional^ their resultant field at O is F + F„ or 2 F ; and s 
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F = H, the magnitude of their resultant field at O equals 2 H, or 
twice the earth's field, and it will be found that the suspended 
needle now makes an angle of 63° 26' with N O. 

Practical Bzerclses. — Perform tbe preceding Bzperiments 
as directed, and enter the Results In a Tabulated Vorm as 
follows I 



Experi- 
ment 



Magnet on w side Magnet on e side 



distance of 
nearest pole 



A alone 
B alone 



1 



N adjacent 



cms. 

13*25 
11*25 



s adjacent 



distance of 
nearest pole 



cms. 

13*25 
ii'o 



N adjacent s adjacent 



cms. 
1325 

II'O 



cms. 

13*25 
II 'o 






cms. 
13*25 

II'O 



Value of #« 
calculated from 



43*5 
28-25 



J2t> 



degs. 
45 
45 



Tangent Law. — These results are very important, and from 
them we may deduce a rule for the comparison of magnetic fields 
quantitatively which is known as the tangent law. By means of 
fig. 4 and the results obtained above this law may be explained. 
The position of the suspended needle when only A is present is 
denoted by o P, and by o Pj when both A and B are present, as in 
the last experiment. 

First Case. — Complete the parallelogram O « P/, and let O n 
and op to some scale represent H and F respectively, in magnitude 
and direction. From the geometry of the figure it is evident that 

on- op = « P and — = tangent of the angle P o « = tan 45°. 



but tan 45° = I 



H 



F 

H 



=- tan 45° and F = H tan 45^ 



I and F = H. 



Second Case. — Similarly, let o^j and P,/i to a certain scale 
represent F^ and H respectively, and as before 

-±> = tangent of angle O v^p^ = tan Pj O n^ 



lO 
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and by experiment we have found that the angle P^ o «, » 63® tK/ 
:, i » tan 63** 26' and f^bH tan 63^ 26' 

From a table of natural tangents we find that tan 63® 26' =2, 
/. -- - 2 or F - 2 H, a result which agrees perfectly with the reason- 
ing above. Hence the following law : 



N 



W---C 



a — 




;i.-<- 






Fig. 4. 



If two magnetic fields, the directions of which are at right 
angles to each other, are superimposed at a point, and a compass 
needle be placed at this point, it takes up a position which indicates 
the resultant field at that point, which i^^ch that the axis of the 
needle makes an angle B with the direction of one of the fields, 
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the tangent of which is equal to the ratio of the other field to this 
field. 

Thus, if the two fields are H and F, and the needle makes an 
angle 6 with H, then 

— = tan ^and F = H tand ... (6) 
H 

In practice, the intensity of a field due to a magnet at any 
point is compared with the earth's field at that point, H being taken 
as '1 8, unless another value is given. 

Experiment i D. — The Proof of the Tangent &aw« 

Apparatus, — ^As in i C. 

Uet of Bsperlments. — (i) Prove the tangent law by combining 
A and C and B and C, as in the last experiment above. 

(2) Prove the tangent law by adjusting the three magnets 
A, B, c, so as to give successive deflections of 30°, 45®, 60® in each 
case. 

(3) Determine the pole strengths of A, B, c by getting deflec- 
tions of 60° and using equation (5). 

In all cases invert the magnets and take readings on both sides 
— E and w — of the needles, so as to get the mean of the quantities 
determined. 

(i) Exercises, — Prove that the value of F given in equation (5) 

2mIx 



(-fr 



if X is the distance between the centre of the magnet and O. 

(2) Calculate the strength of the field due only to a magnet of 
pole strength 10 units and length 10 centimetres at a point 5 centi- 
metres distant from the centre of the magnet on the normal line. 

Answer : o*283 unit. 

Experiment i £. — To Prove the &aw of ZnTorse Squares.^ 

Apparatus, — ^A suspended needle with scale as in i c ; a lotv^ 
thin knitting-needle about 30 centimetres \oxv^^ sXxotv^^ TK^'gcv^^^^^> 
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and supported as shown in fig 5 ; a sheet of paper on dxawinj^- 

board with N and s and E and w lines. 

If the long magnetised 
needle be placed with its upper 
or s pole directly over the centie 
of the suspended needle, that 
pole will exert no effort to deflect 
the needle. And it is obvioos 
that if the lower or N pole of the 
long needle be placed on the E 
and w line at the same level as 
the suspended needle, we shaD 
get a definite magnetic field at 
the centre of the suspended 
needle, the direction of which 
will be E and w. The intensity 
of this component, denoted by 
F, depends upon the distana 
and the strength of the singk 
pole N. The ratio of the 

strengths of the two fields— that due to the pole N, and that due 

to the earth — or — is proportional to the tangent of the angle d 

n 

deflection, as explained in experiment i c. By varying the distance 
and noting the deflection we can determine within certain limits 
how F varies with the distance. 

And here it may be well to point out that the results obtained by 
experiment vary, in some cases very considerably, and it is a usefiil 
exercise to assign the probable cause of such variations, and to deter- 
mine the methods to adopt in order to reduce or eliminate them. 

These variations are due to errors which arise from a variety of 
causes, some of which will now be enumerated, (i) Constant 
errors, due to inaccuracies in the construction of the instruments ; 
for instance, much practice is needed to perfectly suspend a mag- 
netic needle and a pointer, to graduate a scale in degrees, &c. 
(2) Accidental errors in manipulation. (3) Errors of observation^ 
as in reading the deflection of a magnetic needle, especially if the 



Fig. 5. 
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scale be only divided into spaces containing ten degrees. (4) Errors 
of method I for instance, it will be noticed that in the tabulated 
results given below the value of fn is more accurate when the deflec- 
tion is betweeen 30° and 60° than when the angle is smaller or larger 
than these limits. By referring to the table of natural tangents it 
is obvious that the percentage of error due to a wrong reading is 
least about 45°. Thus, supposing an error of observation of 1° is 
made when the deflection is 20°, 45°, and 70** respectively, the 
percentage of error in each case is as follows : 



Tan 20° = "3640 
Tan 19° = '3443 

Difference = '0197 
% of error =5*5 



tan 45° = I '0000 
tan 44° = -9657 



tan 70° = a*747S 
tan 69° = a'6051 



difference = '0343 
% of error =3*4 



difference = '1494 
% of error =5 '3 



These are not extreme cases, the error increasing as smaller 
and larger angles are taken, and it follows that a selection should 
be made, and only the results between certain limits accepted as 
correct ones. 

The following is the method of tabulating the results obtained 
in this exercise, showing in columns 8 and 9 that the results are 
correct to within about i per cent. 
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Fraetleal axareises.— (i) Determine the deflection when tb 
long needle is placed on the E and w line, at distances varyinj 
from about 15 to 5 centimetres * from the centre of the suspends 
needle. 

(2) Determine the position on both sides of the meridian fo: 
which the field at the centre of the suspended needle is equal t( 
that of the earth. As before, the deflection will be 45°. 

Exercises, — (i) Form a series of ratios of the strengths of field! 
taken two at a time, and compare them with the inverse ratios o 
the corresponding distances squared. 

(2) Calculate the value of m from the equation F = fn\d^ in ead 
case, and enter the result in the last column, as shown above. 

(3) Prove that tan 6 = --i^n from first principles in mechanics, 

and from the geometry of the arrangement. 

1 In this and other tests the distances taken will depend upon the strength 
of the magnets used. 
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CHAPTER II 

ACTION OF A MAGNETIC FIELD ON A MAGNET 

OR NEEDLE 

IMtaffuetle BComent. Notes and Definitions, — A magnetic 
needle suspended at its centre by a torsionless fibre, and free to 
rotate in a horizontal plane, sets itself so that its axis coincides 
with the direction of the lines of force of the field in which it is 
placed. The force keeping it in its position of equilibrium is equal 
to the product of the strength of the field (h) and the pole strength 
{m) of the needle — that is, F = H w dynes. 

If this needle be placed at different points in a field, and it is 
found that the magnitude of the force exerted upon the needle is 
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the same at all points, the field is said to be a uniform magnetic 
field. The earth's field for any place is uniform, and the value ot 
H due to the earth's magnetism is absolutely constant for fairly 
large areas, and at all points there will be H lines of force per 
square centimetre. Such a field is represented graphically by 
parallel straight lines at equal distances apart, as in fig. 6, a. 

When the needle is placed with its axis at right axv^V^^s^ \a ^^br. 
direction of the field, as in fig. 6, ft, a ioic^ oi u m ^^^'^\'5» ^-^s^^^- 
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enced at both ends of the needle, tending to restore it to its 
position of equilibrium in the meridian; consequently a force of | 
H m dynes must be applied at each end, in the opposite directioo'^ 
to that of the field, if we wish to keep it where it is. The eflfect of | 
these forces is a tendency to produce rotation, which tendencf 
is proportional to the intensity of the forces and the length of Ac 
needle. 

Def. — The tendency of a force to produce rotation cUfotit apcki 
is termed the " moment of the force ^^ and numerically the fnomt0A\ 
of a force is equal to t lie product of the force into the fierpendtcukr] 
distance from the point. That is. 

Moment of a force = F x perpendicular distance, 

= n ;// in the example of fig". 6, b, 

2 

It is obvious from inspection of fig. 6, b^ that the moment of the ism 
acting on the N pole is equal to the moment of that acting on tie 
s pole ; and since they both tend to rotate the needle in the gana 

direction, the total tendency to produce rotation is twice H w x /, 

2 

H ;;/ X /, / being the distance between the poles of the magnet 
In mechanics the combination of two equal, parallel, but opposite 
forces constitutes what is termed a couple^ and the perpendicular 
distance between the lines of action of the forces is termed thie 
arm of the couple. In the case under consideration the moment ef 
the couple — i.e, the tendency to rotate or torque^ as it is called, h. 
H w X /, which is the product of two factors — H, the strength ^ 
the field, and m /, the product of the pole strength and the length o(;l 
the magnet If H = i — that is, if the field be of unit strength-'i 
the torque is equal to ;;/ x /, and for this reason the product of the 
pole strength of a magnet and its length is termed the moment ef 
the magnet, 

Def — The moment of a magnet is the product of its pole strength 
and the distance between the poles ^ and is the measure of the tenden^ 
of the magnet to rotate, when placed at right angles to the meridian 
in afield of unit strength. 
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The moment of a magnet is denoted by the letter m, 

■■• M = '«-^ (7) 

and the moment of the couple ^ H k M. 

The unit of the moment of a force or couple is the dyne-centi- 
metre — that is, a force of one dyne (unit force) acting through a 
perpendicular distance of one centimetre. When the axis of the 
needle makes an angle a, other than 90°, with the direction of the 
field, as in fig. 6, c^ the perpendicular distance or arm of the couple 
is P N, and 

the moment of the couple = H m » P N ; 
and since N PS is a right-angled triangle, and the angle NSP=o 

— =sino ; .', NP = NSKsina = /ain a. 
NS 

In this way the arm of the couple is expressed in terms of the 
length of the needle, which is a known quantity ; therefore 

the moment of the couple " H m x / sin o \ .„, 

= H M sin a / ' ^ ' 

From this equation it is evident that the maximum couple is 

experienced when 0-^90°, and is then = HM, since sin 9o''=i. 

When a^o" no couple exists, since sin o° = o, as in iig. 6, d. 

Experiinenl :: A.— Cotnp art son of Momenta of Wagtneta- 
VraotlcBi Szerolses. — (i) Magnetise three knitting-needles 
12, B, and 6 centimetres long respectively, by rubbing them the 
same number of times across one pole of a bar magnet, and place 
them in turn on a piece of cork floating in water, at right angles to 
the meridian. If magnetised equally, it will be found on releasing 
them that the rapidity with which they return to the meridian is 
approximately proportional to their lengths. 

(2) Magnetise three knitting-needles of equal length by rubbing 
them across a bar magnet 50, 30, and 20 times respectively, and 
similarly compare the rapidity with which they return to the 
meridian. 

(3) Break a uniformly magnetised knitting-TvfttiVt W\n ■otq 
pieces, one twice as long as the other, and iasWcv "Jae. V«Q y^jl^s. 
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vibrating needle, situated at this point, as in fig. 6, cL And if tiie 
various magnets are equal in length, then 

I ! - , / , . lin the formula F = w | -I — --i__ J 

s tlic same in each case, from which it follows that Fj, Fj, &c, art 
respectively proportional to ;«„ w^, &c., the pole strengths of the 
magnets used. The method of vibrations is thus applicable fir 
comparing the pole strengths of magnets. 

To determine the value of the ratio -^ from the number rf 

Fa 
oscillations, we proceed as follows : — 

Since mh = K«^ m (H + F,)=«K«l^ and M (H + Fg) = K Hj', 

M F.^ " k «3* - M H k «3^ - K «' ' 

and ^i = «i'-Il4. (12) 

and _L-_L if the magnets are of the same length and 

similarly situated. 

Practice of the Method. — The principle of the method just 
explained is very simple, but in practice great care must be taken 
to get reliable results, and it is necessary that two students should 
work together, one to count the oscillations, and the other to take 
the time. The method of procedure is as follows : The suspended 
needle or magnet is placed in a bell-jar or other glass vessel, with 
its centre at the place where the test is to be made. The vibrating 
needle is displaced from its position of rest, preferably by bringing 
another magnet near for a moment, and when the extent of swing 
is about 5° on each side of the meridian, and the needle is swinging 
evenly, the one counting gives the signal to the one taking the 
time by calling out ' now ' when the needle is at the extent of the 
swing on one side, and ^nought* when the needle passes the 
meridian, and the time when * nought ' is called is accurately noted 
by the companion. The one counting then calls * and^ when the 
other extent of the swing is reached^ and ^one^ when it passes the 
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meridian in its return, and * and^ again when the other extent is 
reached. The counting is then continued thus : two and^ three 
cmdy four and^ &c., until as large a number as possible has been 
counted, the larger the number the better. When the counting is 
finished a signal again is given, and the time noted. It will be 
noticed that the number counted gives the transits^ and since two 
transits make one oscillation, the number of oscillations is half 
the number of transits. The advantage of calling and gives 0*25 
of an oscillation, which it is necessary to notice if the counting is 
only continued for a definite period of time, as, say, one minute, as 
is frequently done, although a longer period of time gives more 
accurate results. The method of entering the oscillations and 
time is as follows : 

Time of Oscillation, 

hrs. min. sec. 

Time of 260th passage . . . 2 32 10 

Time of oth passage . . . . 2 30 o 

Time of 260 oscillations . . . . 210 

Time of i oscillation = -^- = \ sec. 

260 ^ 

Or 2 oscillations per second. 

Praetleal azeroises. — (i) Prove that the oscillations of a 
magnetic needle are isochronous by displacing the needle through 
20°, 15°, and 10** respectively, and counting the number of oscilla- 
tions per minute in each case. 

(2) Compare the intensity of field set up by a magnet at the 
point occupied by the needle when the magnet is 4, 6, and 8 centi- 
metres distant from the centre of the needle. 

(3) Compare the pole strengths of the bar magnets A, B, and C 
by suspending them in turn by means of torsionless fibres. 

Note -J = -L , assuming that the moment of inertia is the same 
M2 «/ 

in each case. 

(4) Prove by the method of vibrations that when the N pole of 
the long knitting-needle of Experiment 2 A is placed at tisfc. ^-axcsR:. 
distance from the centre of the suspended rvee^^^s.^^'s*^^'^^^'^^^^^^ 
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in Exercise 2 of Experiment 2 A, but in the meridian and to die 
south, the resultant field is twice that due to the earth« 

Note — ^^ = ^\ , and «,» = twice «* (approximately). 



H 



n' 



(5) Detcmiine the distribution of magnetism along a bar 
magnet by placing the vibrating needle at different points near 
the magnet, held vertically, and enter results as shown in fig. 7. 
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Fig. 7. 

Exercises. — (i) Calculate the pole strengths of magnets A,B, 
and c from the results obtained in (3) above. 

(2) A needle makes 41 oscillations per minute when the N pde 
of a bar magnet is placed a certain distance away, and 24 when 
the positions of the poles of the bar magnet are reversed. Find 
the time of an oscillation under the action of the earth's force alone. 



Answer: 



33-5 



mm. 
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CHAPTER III 

ACTION OF A MAGNET UPON ANOTHER MAGNET 

Theory of Method, — It will probably have been noticed that in 
the exercises on magnetic fields, already given, that Coulomb's 
law of the inverse square of the distance is only true when the 
field is due to one pole, and that when a field is due to the two 
poles of a magnet the law of inverse squares does not hold for 
all distances. We shall therefore now show how to determine the 
law which holds when the action is between magnet and magnet 
situated in a field of uniform strength, H. By arranging that one 
of the magnets shall be a freely suspended magnetic needle, we 
shall be able to find the value of the moment of the other magnet 
in terms of the strength of the field in which they are placed, the 
angle of deflection, and the distance between the centres of the 
magnets. There are two cases to consider, depending on the 
position of the magnet relative to that of the needle. 

First Case : * End-on ' Position, — ^This corresponds to experi- 
ment I C, a powerful magnet being placed horizontally with its 
axis on the £ and w line, normal to the meridian, in which is 
suspended, at a certain distance from the centre of the magnet, a 
very small needle, as shown in fig. 8. 

Let / and m be the length and pole strength of magnet N s. 
/j and m^ „ „ „ needle n s. 

//the distance between the centres of the needle and magnet. 

The moments of the magnet and needle are respectively : 

M = w X I 
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From experiments already performed we know that the sus- 
pended needle n j is under the influence of two forces : 

(i) The horizontal component of the earth's magnetism in a 
north and south direction, and 

(2) That due to the two poles of the magnet N s in a directioD 
normal to the meridian ; 
and as a result of the action of these forces the needle takes up 
a position coinciding with the direction of the resultant field, makiflg 
an angle u with the meridian. In this position of equilibrium the 
attractive and repulsive forces exerted on the poles of the needle 
by the magnet may be considered equal, since the needle is so 



k 



Fig. 



small that the distances S n and s s are approximately equal to S 0, 
and in like manner N o may be taken as being equal to the dis- 
tances between N and the poles n and s of the needle. In the 
figure the needle is shown enlarged, so that students may see that 
the directions of the individual forces, «/and sfy due to the magnet 
may, without serious error, be taken as being parallel to s O, and 
thus practically form a couple, the arm of which \%p s \ and calling 
the force acting on the poles of the needle F, then the moment oi 
the couple is f x / j. 
But/ j=/i xcosa. 
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/. the moment of the couple due to the magnet « F /j cos a, and 
from equation (8) we know that the moment of the couple due to 
the earth's magnetism = H m^ /^ sin a, and since the needle is in 
a position of equilibrium, these two moments are equal : 

.', F /j cos a ■• H Wj /j sin o . . , (13) 

To determine F, we apply Coulomb's law of inverse squares, 
and get 

r I I > 2 m m^ dl 

''^■^"''""\{'-Tk'*'iiV{{'-'it{'^'i)Y 

since so = ^ ' and no-^+-* 

2 2 

If / is small compared with d^ we may regard 

and the denominator in the above fractions becomes ^*, without 
introducing any serious error, and since m/=M, each of the 
above forces becomes 

F = ^,^' (.4) 

Substituting this value in (13), we get 



from which 



2Vim.L cosa „ . . 
-^ H m^ /, sm a, 

M ^^sino d^^ f ^v 

— = =— tana. . . . (15) 

H 2 coso 2 ^ 

From this equation it is evident that the product of the cube of 
the distance into the tangent of the angle of deflection is a 
:onstant quantity, and that as ^'^ increases tan a decreases, and 
vice versa^ from which it follows that the force varies inversely as 
the cube of the distance, as shown in ec\uai\!\oxi i^\«{^» '\:>Ks&\^\xxi& 
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when the distance between the centres is not too small, i,e, not less 
than four or five times the length of the magnet 

Second Case, Broadside Position, — In this case the magnet NS 

is still pointing £ and w, but placed 
f^ so that the magnetic meridian, in 

t which the suspended needle is 
placed, is normal to and bisects the 
axis of N s. As before, the needle 
ns\^ shown enlarged for the sake 
of showing graphically how the 
result given below is obtained. The 
letters of reference and the method 
of determining the value of m of 
the magnet are exactly the same as 
in the case just given, so that by 
following fig. 9 the student should 
be able to prove that in the broad- 
side position 







H 



(i6) 



The * end-on ' and * broadside* 
positions are also known as theJt 
and B tangent positions of Gauss. 

Experiment 3 A. — ^To Prove tlie 
Vormulee of tlie A and B Taa- 
ffont Vosittons of Cktnss. 

Apparatus, — Several bar mag- 
nets ; a suspended needle as in pre- 
vious experiments ; a platform for 
supporting magnet and needle, 
Fig. 9. . consisting of two wooden slides, 

each two metres in length, crossing 
each other at right angles, each marked with metre scale as shown 
in fig. 10. The two wooden slides will be required in exercises 
(2), (3), and (4). 
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Praetioal ■zeretoes. — i. Place a bar magnet, on the £ and w 
diameter, at the centre of a circle the diameter of which is at 
least five times the length of the magnet Prove that the force 
at the extremities of the N and s diameter of the circle is half 
that at the extremities of the E and w diameter by placing the 
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Fig. xo. 



suspended needle on the circumference of the circle at the four 
cardinal points. 

Note. — Since d^ will be constant, tan a = \ tan a. 

2. Place a magnet in the broadside position at 25, 35, and 50 
centimetres distance, and prove that the tangents of the angles of 
deflection are inversely as the cubes of the distances. 

3. Compare the moments of two magnets by placing them 
separately in both the A and B posiUoivs, (j^ \i^ \Lfc^"^\xv%^'^ ^%\a»KA. 
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th« same in each case, (2} by keeping; the angle of deflection 
same in each case. 



4. Determine the value of - 



e of the magnets, 



distances of 30 and 40 centimetres, using the A and B positio 
and tabulate the results as shown below. In all cases the magi 
should be reversed and readings taken on both sides of ti 
needle, giving four readings for each position. 




Mirror Magnetometer. — In the above experiments the resuhl 
obtained wiU probably vary, since the suspended needle magneto- 
meter does not permit of accurate read- 
ings, the angles of deflection being small, 
and consequently difficult to read. To 
avoid this difficulty, and to obtain mon 
accurate results, the method of utilising die 
reflectionofaray of light from a very small 
mirror, upon the back of which the small 
magnetic needles are fastened, is mudi 
used as a means of measuring the anglei 
through which the magnetic needle moves. 
A very convenient form of magnetometer 
is one in which the small suspended 
magnet is attached to a mirror ireely sus- 
pended, as shown in fig. 1 1. From the 
figure it will be seen that the mirxOT 
a long narrow groove or chamber, 
: the bottom in a flat circular recess, in which 




nu^ptetometer 
terminating 



Action of a Magnet upon another Magnet 29 

IS suspended, by means of a torsionless fibre, one or more short 
magnetic needles, attached to the back of a small concave 
mirror of known focal length. The fibre hangs freely in the groove, 
and the mirror is free to rotate through a small angle in the recess. 
A piece of glass placed in front of the groove, and held in its 
place by means of elastic bands, protects the mirror from draughts 
of air. In using the magnetometer a ray of light from a lamp, 
placed behind a screen on which a scale is fixed, is reflected by the 
mirror back to the scale. The reflected ray takes the place of the 
pointer previously used, and, since it is weightless, it is an advantage 
to arrange for it to be of great length, so that very small deflections 
may be accurately determined. In fixing up this instrument care 
must be taken so as to get the mirror to swing freely, and when 
at rest under the action of the earth's magnetism its plane should 
coincide with the meridian. The screen with the scale should 
be perfectly parallel to the plane of the mirror, and at the 
proper distance from it, to get a distinct image of the spot ot 
light The image of the spot of light when the mirror is in the 
meridian will be on the middle division of the scale if everything is 
set perfectly. 

In fig. 12 a a plan of the arrangement is given. M is the mirror 
of the magnetometer, the base of which is provided with three 
levelling screws, shown as circles, two of which rest in the groove 
V in a board c, fastened rigidly at right angles to the screen SOS. 
By this means the magnetometer is kept parallel to the screen, and 
may be readily moved parallel to itself along the board, so as to 
get the proper distance between the mirror and scale placed on 
SOS. L is the lamp placed behind the screen. A and B are blocks 
of wood of such a height that the bar magnet may be at the same 
level as the magnets on the mirror. These blocks can be readily 
moved into different positions, and the positions shown are the A 
and B tangent positions of Gauss. Fig. \2b shows the angle of 
deflection a, and the incident and reflected rays o P and P I, P being 
the centre of the mirror, and o the slit in the screen through which 
the light passes. I is the position of the image on the scale when 
the mirror is deflected. P T is the perpendicular to the mirror in 
its deflected position, and by the laws of teA^cX\oxi \4^ >ssn!^'« "^fiis^ 
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the incident and reflected rays make the same angle with the 
normal P T as the mirror makes with its original position. It wiD 
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be noticed that the angle between the incident ray O P and the 
reflected ray p i is marked 2 a, or twice the angle of deflection. 
This is true, since the angular velocity of the spot of light is twice 
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that of the mirror when the mirror is deflected. Thus, if o i » / and 

/ 

- = tan 2a, 

a 

from which, by the help of tables of tangents,' we can readily 
determine tan a. An example, using the mirror form of magneto- 
meter, is given below as a final exercise in magnetism. 

Experiment 3 B. — Tbe Betermlnatlon of H at any Flace. 

Apparatus. — A bar magnet of magnetic moment M ; the mirror 
magnetometer with scale, &c., and a box with glass front, in which 
the magnet is suspended, for counting the oscillations made by the 
bar magnet. 

By the method of deflection — />. by the A and^ tangent positions 

of Gauss (Experiment 3 A), we can determine - , when the magnet is 

in the end-on or broadside position, from the equation — = — 

or //' tan a ; whilst by the method of oscillations we can determine 
M H, when the bar magnet is vibrating at the place where the test 

is being made, from the equation M H = ^^.^ , where I is the mo- 

ment of inertia of the bar magnet, and / is the time of one oscil- 
lation. If we denote the value of — by a, and M H by ^, then it is 

ri 

obvious that 

MH-f.H = ^ and H^«-^ .-. H= A A 
Ha a V ^' 

•from which we see that the determination of H depends upon two 
distinct observations with the bar magnet — i.e. one to determine 

~ , and the other to determine M H. 

As the general principle of making these observations has been 
described, it will only be necessary to briefly give the results of an 
actual e3q)eriment. It must, however, be remembered that this is 

' See page vii. 
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a most important test, and that a large number of separate readings 
must be taken, so as to get a good average result 

Method of Deflection, — The apparatus was arranged as in 
fig. 12 a, and the mirror was 50 centimetres from the scale. TTic 
bar magnet was placed in the end-on position^ so that its centre was 
40 centimetres distant from the centre of the needle, and the spot 
of light gave a deflection of 251*45 divisions. On placing the 
magnet at the same distance on the other side of the needle, the 
deflection was 260*3 divisions, and each scale division was i milli- 
metre. 

Calculation of — : 
•^ H 

Magnet to E of needle, 251*45 divisions 

/. tan 2 oj =. ^ "^ = -5029 .*. 2 oj = 26*7°. 

Magnet to w of needle, 260*3 divisions 

26*03 ^ o 

.-. tan 2 oj = —^ = *52o6 /. 2 03 = 27*5°, 

from which a^ = 13® 21' and a, = 13® 45^ 

Let a be tlie mean of a^ and a^ 
then a - i («! + oa) = i (13° 21' + 13° 450 = i3** 33'- 

Substituting the values determined, in equation — = ^ tan a, 

xl 2 

we get 

— » y?y_ tan 13° 33' = 32000 x *24i = 7712 {a), 

XI 2 

Method of Oscillations, — On suspending the bar magnet exactly 
in the same place, by means of several silk fibres, the following 
result was obtained : 

Determination oft, 

hrs. min. sec« 

Time of oth passage 1 1 33 54 

)> »45tb ,, II 47 57 

Time to make 45 oscillations 14 3 

„ „ „ I oscillation » -43=18*733 seconds. 

45 
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Determination oft. 

The moment of inertia of a rectangular bar may be calculated 
from the formula 

where w is the mass of the bar in grammes, / its length, and b its 
breadth both in centimetres. For round bar magnet of radius a 

\^w (_ + _). 
V12 4/ 

The bar magnet was rectangular, and «/= 100*32 grammes, 

/= 15-5 centimetres, and b^'b centimetre, so that 

i = i??'32| ^j^.^j2 ^ (0-5)2 I =20 11-4996. 

Determination of'mn. 

Since mh = 



_47r2l 



• MH-4^(3-i4i6)'x2oii-5 

(18733)' 

= 226-3288 {b). 
Determination ofn. 



"-VI V 



226*5288 



7712 

= •17113- 
Fractloal Bzerclses. — (i) Determine H by the above method ; 

(2) determine M for a bar magnet Note that — x m H = m'. 

ADDITIONAL EXERCISES 

Consisting of the practical exercises in Magnetism^ given by the 
Science and Art Department to those taking the Honours 
Examination in Electficity and Magnetism, 

(i) Given a magnet and a magnetometer, determine H by 
Gauss's method. Determine also the magnetic moment of the 
magnet. (June 1886 and June 1891.) 

(2) Determine, by the method of deflections and oscillations 
(Gauss's method), the moment of the magnet given to you, and 
the strength of the magnetic field at the plac^ Qi ^-^^^-fcnsRs^ 
(June 1887.; 
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'l) Compare the moments of the two magnets supplied to yoo 
by the two following methods : — {a) by means of the deflections 
they produce on a suspended magnet ; [b) by comparing their 
times of \ ibration, and determine their moments of inertia by 
wei>{hing and measurement. (June 1888.) 

(^, Measure the moment of a magnet by the deflection method, 
the value uf 11 being taken = 018. (June 1892.) 

^5) Determine the ratio of the intensities of the magnetic fields 
produced by a magnet when placed in different positions within 
and without an iron tube, to the axis of which the line joining its 
poles is perpendicular. (June 1892.) 

(6) Determine the maximum magnetic moments which can be 
imparted to a given steel rod by magnetising it (i) by a large 
permanent magnet, (2) by a given electro-magnet. (June 1893.) 

(7) Determine, by the deflection method, the percentage change 
in the moment of a magnet by heating it from about 15® C. to 
100° C. Also determine if the moment is the same as before, when 
the magnet is again cooled to is° C. (June 1894.) 

(8) Determine the ratio between the moments of two magnets 
by means of the effects which they produce on the time of oscilla- 
tion of a given magnet. (June 1894) 

(9) The centre of a magnet revolves in a given circle, so that 
the magnet always coincides with a radius, and the same pdc 
always points to the centre. Draw a curve indicating the relation 
between the position of the magnet and the deflection it produce 
on another magnet placed in a given position. (June 1895.) 

(10) Draw a curve showing the ratios of the fields produced by 
a magnet at a given point, when it is moved from one end of an 
iron box to the other, to the fields produced at the same point 
when the magnet occupies the same positions, but is not surrounded 
by the box. (June 1895.) 

(11) Place the magnet supplied to you magnetic east and west, 
with the north end east, and, by mapping the lines of force in its 
neighbourhood as disturbed by the earth's field, determine the 
moment of the magnet, taking H = o-i8 C.G.S. unit. (June 1896.) 

Apparatus supplied — magnet, small compass needle, metre 
rule, drawing paper, 
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CHAPTER IV 

CURRENTS OF ELECTRICITY AND THEIR EFFECTS, 

GAL VANOME TERS 

Notes and Definitions, — In arranging the following experiments 
»re shall assume a general knowledge of voltaic cells and the prin- 
:iples underlying the generation of electrical currents, and it will 
be taken for granted that when we speak of electricity flowing or 
passing along a conductor, it is known that the physical state of 
the conductor is changed so long as the current passes, and is, in 
foot, electrified, and that whilst in this state the space surrounding 
the wire is also changed and exhibits magnetic properties. It is 
because electricity itself cannot be seen and treated as a material 
substance that we are compelled to take advantage of this and 
other effects, which are produced and accompany the passage of 
electricity through conductors, to indicate the existence of currents 
of electricity, and also to measure and compare them. It is well 
known that currents of electricity possess (i) magnetic^ (2) thennai, 
and (3) chemical properties^ or, in other words, that currents of 
electricity 

(i) Set up magnetic fields, magnetise pieces of iron and steel, 
and deflect compass needles, 

(2) Raise the temperature of the conductor through which they 
flow, and 

(3) Decompose compound liquids, and bring from them their 
constituent elements. 

The magnitude of the effects depends upon the strength of the 
current producing them, and we shall see later that by each of these 
effects we can determine the strength of a oaxxtxvX^ ^tA ^-ax^^ 
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results obtained are concordant. Practically the first of these 
properties, i.e, the magnetic, is the one used almost universally 
in measuring instruments, and for this reason we shall defer the 
determination of current strength until the connection between 
electricity and magnetism, and the quantitative relationship 
existing between currents and the magnetic fields they produce, 
have been explained. To simplify matters currents of a known 
strength should be used, and it is assumed that a powerfti 
battery is available for use, and that the current strength is given 
by means of an ampere-meter or ammeter. 

Experiment 4 A. — Betermlnatlon of tlie ZntenBlty ^f « 
Macnetle Yield due to a Cuirent. 

Apparatus. — A long thick wire stretched horizontally and con- 
nected to a powerful battery, and a freely suspended needle as 
used in the previous experiments. 

The character of the magnetic field set up by electricity passing 
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Fig. 13. 



through an indefinitely long straight conductor is shown in fig. 13 ^ 
as given by iron filings, whilst in fig. 13 ^ a plan of the field is given 
when the current is flowing downwards. In this figure the direc- 
tion of the lines of force are indicated by the arrow-heads, and the 
deflecting influence upon a freely suspended needle is shown at 
four points of the lioUls, and, assuming that the current flowing 
downward is of 100 amperes strength, the intensity of the field is 
given for lines one centimetre apart, as calculated from (17) below. 
It should be noticed that if we combine the relative directions of 
the current and the lines of force we obtain an identical corkscrew 
motion, from which we get ft simple rule for determining the direc- 



Currents of Electricity and their Effects 37 

tion of a magnetic field produced by a current, known as the cork- 
screw rule, and introduced by Maxwell. 

A current flowing in a conductor sets up magnetic force round 
the conductor^ the direction of which is the same as the direction of 
rotation of a right-handed corkscrew moving in the same direction 
as the current. 

To measure the intensity of the field at any point it is better to 
stretch an indefinitely long straight wire horizontally and parallel 
to a freely suspended needle at a certain distance above it, as in 
fig. 13 ^. Both the needle and the conductor are then in the mag- 
netic meridian. When the current is passed through the wire we 
have two fields at P, one at right angles to the other, and the 
needle takes up a position coinciding with the resultant direction 
of the fields. This is another example of the simple tangent law. 
If F be the strength of the field due to the current at P, the centre 
of the needle, and H the strength of earth's field at the same point, 
then 

F 

- = tan a, and F = H tan a, 
H 

a being the angle of deflection made by the needle. In this way 
F may be determined. If = 45°, then f = h. It must be remem- 
bered that F is the magnetic force at P due to the current, and 
denotes the force with which a unit magnetic pole would be urged 
if placed at P, and in this way it measures the strength of the field 
at P due to the current. As may be inferred, the magnitude of 
F depends upon (i) the strength of the current, and (2) the distance 
of the needle from the conductor, and the law connecting F with 
the current C and the distance r is easily determined mathemati- 
cally, and is proved experimentally to be 

F=-or— . . . . (17) 
r r 

2 

C is given in C.G.S. absolute units, since H is always given in 
those units. We shall show presently that i ampere = ^ih of the 
C.G.S. absolute unit of current, so that c absolute units = 10 c 
amperes. In (17) r is in centimetres, and is measured from the 
centre of the wire. 
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leretoas. — (i) Set the long wire (connected t( 
powerful batter)') in the meridian at a certain distance above t 
suspended needle, and note the deflection when different strengt 
of current are sent along the wire. Prove that F is proportion 
to the tangent of the angle of deflection, and therefore proportion 
to c 

(2) Send a fairly strong current (about 5 amperes) along th( 
wire, and vary the distance between the wire and the needle. 
Prove that F is inversely proportional to r, and F x r is practically 
constant 

(3) Arrange the distance, r, and the current so as to get a 
deflection of 45°. Then F » H, and by taking the value of H, as 

determined in Experiment 3 B, prove that F = — ' where C' is the 

current in amperes. 

(4) Arrange two wires in same vertical plane, as shown at fig. 14, 

and send the same current through 

' both wires at the same time, in 
the directions indicated, and note 

deflections for different current 

'^ strengths. 

In (i), (2), and (3) four readings 
must be taken by reversing the direction of the current, and by 
changing the relative position of the needle and the wire, so that 
a is the mean of four readings. 
Arrange the results as follows : 



-r- 

i 

Fig. 14. 



Experiment 



c' 
in amperes 


r 


a 


tan a 







F=:H tan a 



1^ Fxf 




BxeroUes. — (i) What deductions may be drawn from the 
above experiments, and explain any source of error you may have 
observed ? 

(2) What effect would a current flowing through a long vertical 
wire have upon an isolated north magnetic pole if placed in the 
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field, and what difference would a change in the distance fron) the 
wire make in its movements ? 

(3) Determine the angle of deflection when a current of 4-5 
amperes flows through a horizontal wire 9 centimetres distant from 
a needle placed in a field of 'i 731 units strength. 

Answer^ 30^ (approx.;. 

(4) What would be the deflection if the same current (as in 3) 
was sent below the needle as well as above (flg. 14), and at the 
same distance from the needle ? 

Answer y 49° (approx.). 

(5) How may a compass needle be used to determine the 
direction of a current in a wire, and express as a law the behaviour 
of the needle when a current is passed parallel to it? 

(6) Explain the results obtained in Exercise 4 above. 

If the conductor through which the current passes is of short 
length, then it can be shown that the strength of the field due to 
the current is proportional to the current, the length of the 
conductor, and inversely as the square of the distance, that is 

F= ^or — - . . . . (18) 
f^ 10 r* 

where / is the length oi the conductor in centimetres, c the current 
in absolute units, and c^ the current in amperes. This distinction 
between the absolute value and practical value of the current will 
be followed in all cases. 

Fimetloal aserelses. — (i) Arrange about 2 centimetres of the 
conductor parallel to the suspended needle, and note the deflections 
for different distances between the wire and the needle when a 
certain current is passed, and tabulate the results. Prove that c / is 
the magnetic value of the element with respect to all points in its 

equatorial plane. Does the law F = — ^^ hold in this case ? 

Or 

(2) Arrange the strength of the current and the distance in the 
above arrangement, so that the deflection is 45°, and prove the 

law, F =» ^ or _— .^, where c' is the current in amperes, 
r* 10 r' 

If the wire be looped into a circular coil, as in fig. 1 5, so that 
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BC, CD, &c., are equal, and by numbering the divisions 

scale I, 2, 3, 4, &c., comparative results may be dete 

directly, since 

♦o« , ^ ^ AD 3 A B 
tan ao a - — = ^ — , 

AO A O 

o«^ ♦^^^^^^ AG 6AB 

and tan a o z = - = - , 
^ AO AO ' 

from which it is evident that 

tanrt^//^3AB_^6AB_3^ i 
tan a g A o ' A O 6 2 " 

A useful addition to the scale is a piece of plane mirror placed ju 
under the needle, so that the exact position of the needle may b 
determined. 

A very useful form of galvanometer for experimental purposa 
^ is one consisting of several distinct 

coils varying in diameter and in 
the number of turns. A vertical 
section of such an instrument is 
given in fig. 19, in which A and B 
are two sets of coils of different 
diameter, that of the coil B being 
twice the diameter of A. A con- 
sists of twenty turns, whilst B 
consists of two sets of coils of five 
*«S5»«i# turns and fifteen turns respec- 
tively, the coil of five turns being 
connected to two terminals i and 
rcLss 2, and the other to two terminals 

^^^ 3 and 4, and the coil A to ter- 

minals 5 and 6. A little thought 
will show how we can get 5, 10, 
1 5, and 20 turns respectively from 
B. When terminals i and 2 are 
used we get five turns, with 3 
and 4 fifteen turns, with i and 2, 
ind 4 and 3 together we get ten turns, and with i and 2, and 3 
nd 4 together we get twenty turns, and in this way the effect of 
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Fig. 19. 
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Mjuying the number of turns may be determined. By using the 
pitwenty turns of A and B we may determine the effect of var>'ing the 
diameter of the coils. 

By combining the two equations F = H tan a, and f = " - 

it is evident that 

= H tan a, 

r 

or c = H tan a = G H tan a . . (22) 

in which G = , and we see that using a certain set of coils the 

only variable quantities in (22) are C and tan a, since or G is 

a constant depending on the dimensions of the coil, and is termed 
the true constant of the galvanometer for that set of coils, and H, 
the horizontal component of the earth's field, is also constant. 

Consequently the product of H and , or K, as it is usually 

given, is also a constant, known as the reduction factor or working 
constant of the galvanometer. It will have been noticed that the 
values of these constants correspond to the value of c in absolute 
or C.G.S. units ; for practical purposes, however, such as the 
determination of the current strength, it is convenient to use a 
working constant, K, which is equal to ten times the product of 
G and H, 

since C amperes = — ^ H tan a = 10 G H tan a = K tan a . (23) 

When this value of K is known, the current in amperes may be 
determined quite readily. 

Fraotlcal Szerdses. — (i) Send the same strength of current 
through the 5, 10, 15 and 20 coils of B and note the deflections. 
If a suitable ammeter be available, vary the current so that the 
angle of deflection is the same in each case, and in this way 
determine the effect of varying the number of turns. 

(2) Send a current through the twenty turns of A, so as to ^et a 
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deflection of, say, 40°, and then send the same current through the 
twenty turns of B and note the result 

(3) Determine the value of K for each coil by sending such a 
current that in each case the deflection is 45°. Then c = K tan 45®, 
or K-C 

Note. — The student will be able to vary the current strength 
by varying the resistance in the circuit, and by making use of an 
ammeter the principle of the tangent galvanometer is grasped before 
the instrument is used for making measurements. In the above 
experiments it is a good plan to change the direction of the 
current, so as to get the mean of the angles of deflection. The 
results should be entered up as follows : 



Experi- 
ment 



c 

from 

ammeter 



I 



mean 
deflection 



tan a 



K 

calculated 



from 



tan a 



xor 



2 IT* 



Htan« 
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CHAPTER V 
EXERCISES WITH TANGENT GALVANOMETER 

Notes and Definitions. — Before using a tangent galvanometer 
for purposes of measurement it will be well to define and explain 
three fundamental factors present in every active circuit. It is 
well known that when an insulated substance is electrified it is 
capable of doing work ; in other words, electrification is accom- 
panied by the accumulation of a certain amount of energy, termed 
potential energy^ because the body electrified is brought into 
such a position or c6ndition that in consequence it is capable of 
doing work. Electrically we say that the body has a certain 
potential. Potential, then, is an expression of energy, and is 
measured by the work it can do. In practice we are mostly 
concerned with electricity in motion or currents of electricity 
which result whenever we have two points in a conductor at 
different potentials. 

Def. — The difference of potential^ or D.P., between two points is 
that difference in electrical condition which tends to produce a 
transference of electricity from one point to another. 

But we must have something more than D.P. to give a con- 
tinuous current ; for instance, if two bodies are electrified to 
different potentials and they are connected by means of a wire, 
we know that a rush of electricity takes place from the body of 
higher potential to the one of lower potential — that is, we have a 
discharge or momentary current, and as the result the two bodies 
are reduced to the same electrical condition. We shall not here 
inquire into the process of the transformation of any one form of 
energy into electrical energy, but, taking an ordinary voltaic cell ^s 
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different resistances insei 
lo ^'ive ahout ?o° as the 

»raatl 
and labul; 



circuit These should be arranged 
I deflection and 20° as the least 
— {1} Conduct Ihe test as explained above 
p shown below. Find value of K for each 



asc and place il in column (5). 

(2) From the data obtained plot a curve with values of M 
s abscissa; and the corresponding values of — as ordinates. 



(3) Determine the value of K from C = K 



MS'-r; 



arranging R to make a - 45°. The value of E may be taken from 
a table ' giving E.M.F.s of ditferent cells. 

Exercises. — (i) Show that the straight line obt^ned as curve 
in (2) verifies the tangent law. 

(2) Calculate the value of c for each case from C = k tan a. 

(3) Prove that c is inversely proportional to Rj. 
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Experiment 5 H.^DetermlnBtlon of (1) tbe ConstMit of a 
Tansent Oalvanometer and of (2) Cnrrent Strengrtta, I>y tbe 
Ketbod of Weotrolj-Bll. 

^^a>-a/aj,— Tangent galvanometer, battery of constant E.M.F. 
(Daniell), depositing cell (fig. 22), termed voltameter, resistance 
box, reversing key, chemical balance, and stop watch. 

Notes and Definitions. — By the previous experiment (j A) the 
strength of a ciureat may be determined when k is known, but a 
See page 119. 
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total resistance of the circuit ; in other words, the cotangent of the 
^le of deflection is proportional to the total resistance. Hy 
varying r„ so that we get diflferent values of a, the tangent law 
niay be readily verified. Fig. 20 shows the arrangement of the 
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Fig. 20. 



apparatus for making the test, in which the battery, B, the tangent 
S^vanometer, G, and resistance box, R, are connected in series. 
R K is a reversing key or commutator for changing the direction of 
the current in the galvanometer. The construction and method of 
^ing this key will be evident from fig. 21. 
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When using the tangent galvanometer care must be taken to 
place the coil of the galvanometer perfectly in the magnetic 
meridian, and when this is the case the pointer should be exactly 
at zero. In making the test readings of the galvanometer deflec- 
tions are taken both to the right and left of the zero, for about ten 

E 3 
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from this deflection and the \'alue of C, K is readily determined 
since from (23) 

C 



tan a 

where a is the average deflection of the tangent galvanometer. 
Fig. 23 shows a diagram of the connections, in which R K is the 
reversing key, enabling direct and reversed readings to be taken. 
Before starting the test it is advisable to determine whether the 
connections are such as to get the deposit on the cathode. For 
this purpose it is useful to insert a trial plate of copper in place of 
the actual cathode for a few minutes. It is also an advantage to 
arrange the strength of the current, so that the deflection is 45° (see 
note under Experiment 2 a), and this is obtained by inserting suf- 
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Fig. 23. 

flcient resistance from the resistance box whilst the trial plate is in 
position; and if the current should fall ofFduring the test, this resist- 
ance may be varied so as to keep the deflection constant, otherwise 
the average of the angle of deflection must be taken in finding the 
value of K. 

Praotieftl axerelses. — (i) Conduct two or three tests as 
described above, to get a good average value of K for a particular 
galvanometer. Calculate the current in each case, and tabulate 
results as shown below. 

(2) Plot a curve on squared paper with values of tan a, ranging 
from tan 30° to tan 60° as abscissae, and the corresponding values 
of current required to give these deflections. Use equation 
C « K tan a, substituting the value of K as determined, and so get 
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the values of C corresponding to the various values of a.. Tht 
curve obtained is the calibration curve for the galvanometer, and is 
osefiil for determining the current in a circuit 

(3) Determine the current in amperes required : (i) to ring an 
electric bell, and (2) to enable an electro-magnet to support a small 
weight 

(4) Calibrate another galvanometer. 

Exercises, — ( i ) What current would deposit 0-38 1 1 2 of a gramme 
of copper in one hour? Answer^ 0'i55 of an ampere. 

(2) If the constant of a tangent galvanometer be 0*125, deter- 
mine the angle of deflection during an experiment when 07 of a 
gramme of copper is deposited by a constant current in thirty 
minutes. Answer, 43-5° (approx.) 

Method of Tabulating Results and Making Calculations. 



Time 



h. m. 
10 o 

5 
10 

15 



Deflecti<xis 



Direct 



Reversed 



Mean 



Circuit completed 



Battery. 

Resistance added . . = ohms 

Surface of cathode exposed = square inches 

Weight of cathode before . = grammes 

after . = grammes 



>i 



>i 



Mean deflection 
Tan a 
Duration of test 



Gain 



grammes 



= seconds 

Weight ofcopper per second = ,^^. of^^"onds 
_, , _ . Gain 

Strength of current m amperes = 0-0003281 x / 

r 

Constant of galvanometer = 



tan a 



Experiment 5 C. — Betermlnatlon of BAttery Reiistanoe. 

Apparatus, — Tangent galvanometer of known resistance, 
several different kinds of cells, resistance box, reversing key, and 
:onnecting wires. 

The theory of this method, termed Ohm's method, depends 
upon the application of Ohm's law to a complete circuit, and is 
very simple. By varying the magnitude of the resistance R from 
the resistance box we get different values of the current as follows ; 

E « E 



C = 



B + G + R 



B + G + Ri 
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from which we get 

B + G-I-Ri C^ 
B + G + R ^ Cj* 

By applying the tangent law we obtain the value of the rati^^ 

c 

in terms of the ratio of the tangents of the angles, thus 

C K tan tt tan a 



Cj K tan Oj tan a, 
B + G + R, tan a 



B + G + R tan «j 

from which B = ?jJi5-^?i:iii?^-G (29). 

tan a —tan Oj 

This relationship only applies to constant cells, and it must be 
noted that G is the resistance of the galvanometer and connecting 
wires. For the reason already referred to before, the best values 
of the deflections are those between 30° and 60°, and it should be 
observed that the value of the internal resistance of the battery 
obtained, whilst being accurate enough for ordinary working con- 
ditions, is only approximate, since the internal resistance depends 
upon the nature of the solution, porous pots and plates used, the 
area of the plates immersed, and the distance they are apart 

For many purposes this test may be simplified by making 
R = o, and Ri so that a, = 45°, in consequence of which (29) becomes 

B«^ — — :-G. 
tan a- 1 

Another modification, known as the half-deflection method^ is 
very usefiil, and the calculation simplified. The method consists 
in making Rj such that tan Oj = j^ tan a. Then 

_ R, tan a, - 2 R tan a, 

fi^ \,.o^ '^^ -G = R,-(2 R + G). 

2 tan a^— tan a^ 1 \ / 

The connections for each of these tests are the same as given in 
fi%. 20. 

Praotloal Bxereises. — (i) Determine the internal resistance 
of a DanielPs, Grove's, and Leclanch^ cell by the above method. 
It is a good plan to get several values of a by varying R from zero 
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to 10 ohms, and by taking pairs of observations obtain a good 
average value of B. 

(2) Determine the resistance of a DanielPs cell when (i) one- 
thiid filled with solution ; (2) two-thirds filled with solution ; and 
(3) Aill of solution. 

(3) Determine the resistance of a bichromate cell with the 
2U1C plate: (i) not amalgamated, (2) amalgamated, in both cases 
at the commencement of the test and after the cell has been run- 
ning about twenty minutes. 

(4) Compare the resistance of a battery composed of DanielPs 
cells arranged as follows : (i) one cell only, (2) two cells in 
series, and (3) two cells in parallel. 

Exercise,— {i) Discuss the results obtained in (2), (3), and (4). 
Tabulate the results as follows : 



Experiment 


R from box 


Deflections 




- Tana 

1 


B 


Direct 


Reversed 


Mean 


calculated 


■ 










i 


1 



Experiment 5 D. — BetermliiAtlon of tbe liesistanoe of a 

mrire. 

Apparatus, — As in 5 C, with several coils of wire of unknown 
resistances. 

lix^ unknown resistance of a coil, and a the deflection obtained 
when it is in series with the tangent galvanometer and battery, as 
in fig. 20, and Oj the deflection when the coil of unknown resistance 
is replaced by a resistance R from the box ; then, as before, 

B + G + ;r tan a^ 



B + G + R tan a » 

from which x^ tanoi (b + g + R) - (b + G) . 

tan a ^ ^ ^ ' 



. (30) 



From this equation it is evident that * the accuracy of the result 



will depend upon the correctness of the ratio ^,' and that the 



tan a 
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best result is obtained when ^ » i. This sufiffireststhemediod 

tan a *•*• 

of making R such that a^-a^ in which case ;r=R. This method 
is known as the method of substitution. 

Should the deflection obtained when the unknown resistance 
is in circuit be too large, it may be reduced to a convcmeBt 
amount by adding a resistance, r, from the box. If, on removing 
the unknown resistance, a resistance R is required from the box 
to produce the same deflection, it follows that R==r+jr,or;i-BR-r, 
and this suggests a method of checking the results obtained by the 
method of substitution. 

Praetieal Bzerolses. — (i) Determine the resistances of several 
coils of wire by the three methods explained above. 

(2) Determine the joint resistance of three of the coils connected 
(i) in series and (2) in multiple arc. 



Experiment 5 E. — Comparison and netermlaatlon of 

Bleotro-oiotlTe Vorces. 

Apparatus, — Same as in 5 C. 

Since C = * — = K tan a, 1 

B + G + Ri I . El ^ (B + GjfRj)ten^i ,(, 

c, = _5-^_ = Ktana, \'^^ (b + G + r,) tan a, ' ^'' 
^ B + G + R2 * J 

where E^ and E.^ are the E.M.F.s of the two batteries under test, 
and by suitably arranging R, and R2 the following modifications 
result : 

E, b + G + r, r 

Eg B + G + Rj 

= fr" °i , if B + G + Ri = B + G + Rj. 
tan a^ 

And by connecting the two batteries in series we get 

Ktana,= IlH^. ...... (ai 

^ B + G + R 

When connected so that the E.M.F. of one opposes that of the 
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^er, and keeping the total resistance of the circuit constant, 

we get 

Ktanaa= ^'"V . . . . . (/S) 

^ B + G + R 

From (a) and (/3) we get 

E| + Ea _ tan Oj 
Ei — Ej tana, 

and Et_ tana^ + tana, v 

Ej tan Oj - tan a^ 

^s is the ^sum and difference method^ 

'raetfoal Bxerotses. — (i) Compare the E.M.F. of a Grove's, 
bichromate, and Leclanch^ cell with that of a DanielPs. 

(2) With each cell get a, when the total resistance in the circuit 
^s R, and a^ when a resistance r is added, and determine the E.M.F. 

ofthe three first-named cells from e ^ !^ ^ ' ^^" ai_tan^, ^ ^^^ 

tan a J — tan a. 

Compare this with value obtained in (i), assuming E.M.F. of 

OanielPs cell to be i volt. 
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CHAPTER VI 

MIRROR GALVANOMETER AND SIMPLE MEASURE- 
MENTS 

Notes and Definitions. —The tangent galvanometer, though a 
irery useful instrument in many instances, is not sufficiently 
sensitive for the measurement of very feeble currents. The 
distance between the needle and the coils, the weight of the 
needle and pointer, and the friction between the magnet and pivot, 
tending to diminish the free movement of the needle, will not 
permit of extreme sensitiveness with this form of galvanometer. 
Another objection is the difficulty of accurately reading small 
changes in the deflection of the needle. To obviate these objec- 
tions, Lord Kelvin introduced the method of attaching one or 
more very small magnetic needles to a light mirror of silvered 
glass, suspended by a fibre of silk at the centre of a large number 
of coils of wire of small dimensions, thus ensuring small and 
very light moving parts. By using a reflected beam of light as 
a pointer, it is possible to indicate the slightest movement of the 
needle by means of a spot of light on a scale placed some distance 
away. In this way small deviations of the needle are magnified a 
large number of times. The method of doing this will be under^ 
stood from the sketch of the arrangement shown in fig. 24, which 
shows how the light from a lamp is thrown upon the mirror by 
means of a lens, L, and then reflected back to the scale as a spot 
of light. The essential parts of a galvanometer are : 

(i) A large number of coils of wire close to the needle ; 

(2) A freely suspended needle or needles strongly magnetised 
and 
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(3) A weak controlling force. 

The first condition is fulfilled by using very fine wire for the 
coils, the mean diameter of which is very much smaller than that 
ofan ordinary tangent galvanometer. As previously pointed out, 
the earth's directive influence is the controlling force, and this 
may be materially diminished by introducing a second magnet or 
set of needles mounted so as to be parallel to the suspended 
magnetic needle or needles, and to move freely with them about 
the same vertical axis. The distance between the sets of needles 




^^^, 



^a 



Fig. 24. 

is small, and their N poles are reversed, thus forming an astatic 
combination. With such a system of needles, the earth's action is 
very nearly neutralised. Usually one set of needles is placed at 
the centre of the coil, and the other just outside, as shown in 
figs. 25 a and 26. With this arrangement the deviation produced 
by a very small deflecting force is materially increased, on account 
of (i) the controlling force being small, and (2) the second set of 
needles being deflected in the same direction by the adjacent part 
of the coiL In very delicate galvanometers of this type both sets 
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of needles are enclosed, as shown in fig. 25 ^, from whic 
seen that two coils are used in which the same current 
in opposite directions. In these instruments the ne 
mirror are attached to a thin, narrow sheet of mica. 
When some practical acquaintance has been made 



d 



d 




a. 



Fig. 25. 




mirror galvanometer, the student will discover how minute 1 
currents used with this galvanometer are, and it is a decided advi 
tage that the deflections of the needles are small and do not of 
exceed 10° on either side of zero. It is in consequence of this tl 
the circular measure of the angle of deflection may, without int 
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Mirror Gaivanamei€r and Simple Mi 

ducii; uijp Miious error, be taken as being equal to the 
^tJu oHgb ef^JUetioH. 

Tlworetiolly, 

C - K tan n, 
but pnctkally 






fnm irhich we get the law of the mirror galvanometer, i.e. tkf 
aartnt proAidng tht dtviaiion is proporlional to the aii\;(e of 
defltt&on. An extremely useful fbim of the mirror or reflectint; 









e 

© ; 
© 


® 


e 
; e 

e 




galvanometer is shown in detail in fig. 26, from which the construc- 
tion 19 obvious. If the moving parts oscillate to any great extent, it 
is advisable to attach a light vane of aluminium, so that the move- 
ments are resisted by the friction of the air and vane. 

It will be well 10 point out here that perfect adjustment 
of the galvanometer and accessifries is essential if reliable results 
are to be obtained, and the following precautions must be attended 
to when Sxing up the instruments ; 

(r) TAe galvanometer should be p\ac.«& on a. ■^\^\ft,'sa^^■^^^'&*. 
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plane of the coils being in the magnetic meridian, with the scaUe 
pUced parallel 10 the galvanometer at a distance equal to the 
focal length of the mirror. 

{2) The Dame of the lamp, the zero division of the scale, and 
the centre of the mirror must be in the same vertical plane. The 
alit through which the light pa.sscs from the lamp should be a 
little below the centre of the mirror, the general arrangement 
being shown in fig, 24. 

(3) The galvanometer should be carefully levelled so that the 
needle swings freely, and it is important that the suspended parts 
be not influenced by torsion of the thread. 

Great care is also needed when using the mirror galvanometer, 
since the suspension of the moving parts is so delicate that there 
is some danger of breaking the fibre of silk should the needle be 
moved violently, as would be the case if too great a current were 
sent through the coils. To prevent this, and also to diminish the 
sensibility of the galvanometer, it is usual to shunt the gah 
meter with a short piece of wire when 
observations. The wire forming the shuni 
the terminals of the galvanometer, and carr 
of the current. When making the actual tei 
I lemoved, except in the cases mentioned. 

I Experiment 6A.-~Pr«af a1 Obm's Law. (First Method.) 

\ Apparatus. — Mirror galvanometer and its accessories, several 

constant cells, a metre length of No. 30 German silver wire 

stretched upon a metre scale, and soldered to copper plates 

with terminals attached, as shown in fig. 37, a resistance box or 

. coil of wire of several thousand ohms resistance, and a reversing 



making preliminary 
is connected across 
ies a large proportion 
it the shunt should be 



^1 pc 



I From c = -, the usual algebra 

evident that if C be constant throughout 
is made to vary, then R must vary ii 
A very ready method of obtaining a 

.p a wire of constant cross- 
ponstant c 



the 



of Ohm's law, ii 



le proportion as £. 
in the magnitude of 
1 through which a 



s passing at difl"erent points, and if Ohm's law be 
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trae^ tbe drop in volts along the wire should be uniform and pro- 
portional to the resistance between the points. For instance, with 
the arrangement shown in fig. 27 we may assume that a constant 
difierence of potential is maintained between the terminals a and c 
by the battery B. And since the galvanometer circuit is a simple 
branch circuit the current passing through the galvanometer will 
depend upon the D.P. between the points at which it joins the 
main circuit Thus, if contact is made at a and D, as shown in the 



^ 
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Fig. 27. 

figure, the pressure sending the current through the galvanometer 
circuit is given by the D.P. between A and D, and if a D is 40 centi- 
metres long, the D.P. between a and D should be — e, or -4 e, e 

10 

being the D.P. between a and c ; and similarly the D.P. between 
any other two points along A C will be the same fraction of e as 
the distance between the two points is of the whole distance a c. 
And since the resistance of a conductor is proportional to the 
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being used for the ratio ants of the bridge. This fonn of bridge 
is easily and cheaply constructed, and if used in conjunction with 
reliable standard coils permits of great accuracy, TTiree connect- 
ing pieces, A, C, E, of stout copper bar (the two former being right- 
angle pieces), to each of which binding screws are soldered, as 
indicated by the small circles, are firmly &stened to a board about 
42 inches long and 9 inches wide, the inner edges of the right- 
angle pieces being exactly one metre apart The German silver 
or platinoid wire is tightly stretched and soldered between A and c, 
so as to be exactly one metre in length. Upon the board and 
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|m-m.| 



Xitlatlt 1 0/ SlMivng 



Pic. 3 
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Ji 



Ke^ 



under the wire is screwed a boxwood scale one metre in length 
and divided into centimetres and millimetres. The same letters 
are used as in figs. 31 and 32, and contact is made with the metre 
wire by means of a sliding key, Kj, which is free to move from 
A to c, so that the segments into which the metre wire is divided 
by the key at f form the two resistances, p and q. The con- 
struction of the key is shown in fig. 34. In using this form of 
bridge, the ratio ^ is varied by means of the key until balance 

is obtained ; the actual position of f depends upon the ratio 
of R to s, which are two resistance coils inserted in the gaps 
a and b. The point F divides the metre wire into two s 
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^Klfea 

3^and /q miilimetres in length, and since /, + /,, = i,ooo milli- 

Vnetres, the ratio - may be written /or — ' , , resistajice 

Q /q looo-V 

"being proportional to length. 

Experiment 7 A. — CompaitBon ol SeslBtanCBB and Proof of 

Appiiraltis.—mKxtat galvanometer and accessories, metre 
fcridge, standard resistance coils and samples of wires, one Daniell's 

The connections, as shown in fig. 33, correspond to the arrange- 
xnent of conductors shown in figs. 31 and 32, and the experiment 
consists in finding the position of r on the bridge wire. In practice 
it is advisable lo insert a key, K„ in the battery circuit, so that the 
"fcattery power be not wasted, and also to diminish the sensibility 
«f the galvanometer by shunting it when making the rough test. 
-At the commencement make contact with the metre wire by 
■means of k, near to one end, and a deflection to the right (say) 
Tvil! be obtained ; on moving the key to the other end of the wire 
the deflection should be to the left, provided the connections are 
right. Somewhere between these two points a position may be 
found which gives no deflection. This is found roughly with the 
shunt present, and accurately vjith the shunt removed, and the 
student should accustom himself from the commencement to look 
Upon deflections to the right as indicating too much or too little as 
the case may be, and deflections to the left as the reverse. Let 
the position of equilibrium be /p mm. from A, then we shall have 
R P /, 



-455 545 'og 



The Metre Bridge is most sensitive when R and 5 are approxi- 
mately equal, in other words, when F nearly bisects the 
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metre wire. It is also essential that the conductors placed in the 
gaps a and b should have no self-induction, to avoid which the 
wire is doubled on itself and wound so as to form a coil, as shown 
in fig. 37. When the actual resistance, R, of a conductor is 
required, a standard resistance coil, made of German silver, or 
platinoid, and of known resistance, replaces s, and is inserted in the 
gap b. In all cases the battery key should be closed first, and the 
galvanometer key afterwards. 

Fraotioal SzeroUes. — (i) Take two lengths of No. 24 Gennan 
silver wire, 4 J and 5 J feet long respectively, and insert them in the 
two gaps a and b. Find the position of equilibrium on the bridge, 
and prove that resistance is proportional to length. Reverse the 
positions of the wires and check the result. 

(2) Replace each of the above wires in turn by a standard one- 
ohm coil, and find the resistance of each in ohms. 

(3) Connect the two wires in series, and determine the joint 
resistance by comparison with a standard two-ohm coil. Compare 
the result with that obtained in (2). 

(4) Make another spiral of the same wire 5 J feet in length, and 
connect it in multiple arc with the one of equal length. Compare 
them with the 4j-feet spiral, and prove that the joint resistance of 
two wires of equal resistance connected in multiple arc is half the 
resistance of the single wire. 

(5) Connect one of the 5i-feet spirals in parallel with the 
4j-feet spiral, and determine their joint resistance by comparison 

with a standard one-ohm coil. Prove that — = L + LorR= ^JA^^ 

R n r^ r^-^r^ 

(6) Compare the resistances of two copper wires of different 
lengths and diameters, and prove that the relations 

R oc ^^ and R oc !5M* are correct. 

square of diameter cross-sectional area 

(7) Determine the relative resistances of several wires of equal 
length and diameter, but made of different materials, by comparing 
them with a copper wire of the same dimensions. Calling the re- 
sistance of the copper wire unity, determine the relative specific 
resistances of the wires. 
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Tabulate the results as follows : 



Experiment 



Ratio arms of bridge 



p in mm. 



Value of s 



Q m mm. 



Value of M 
deterniineil 



Ik:srri|>tii)n 
of wire 



Experiment 7 B. — JLeenrate Beterminatlon of Xeslstanees by 
Metre Bridge and the Mannfaotiure of Colls. 

Apparatus. — As above. 

The form of metre bridge shown in fig. 35 permits of some 
simple modifications, in consequence of which we are enabled to 




Fig. 35. 

obtain more accurate results by eliminating the following sources 
of error : 

(i) The resistances of the right angle pieces and those pro- 
duced by imperfect soldering of the metre wire to them. 

(2) Errors due to the difficulty of reading the exact position of 
the key on the metre wire. 

From the figure it will be observed that there are four gaps, 
0, bt, c, and d, instead of two, and that if the coils R and s arQ 



.^lu. . .uu. a anc c biidffed over by thick conduct 
:»: Tw»:tr*. aiu'. p-ah-anometer being cannected as shoA 
ai^ n-.a7? :- -.itt.: .r^ w.tr. liir one oaed above, but as it provic 
. — .r-:^- * i»;..Tv a: exTTL readinj: a more reliable result is o 
i^-^5f»- "^.^5- *i .:: :ns zjol. a: nnknowc irsistanoe, R in ^, and th 
<:;Lr«u*. ..V ^ :: . ie: : he f^ miliimetTes from the end M, ani 
A: .r.sf,i*i:i^^ ', aju ii. te: '^ millimerres be the distance of l 

"! ,anc « >, 

*^* ju"u;.nj5. :?c r^:rswr,A:n> ant denominaxoxs together we get 



,-w- .^- *^ io>r-i: 



• (34) 

% :irt -. :>r •:.*tr*rrurf A :ht hndf?^ readings, is a small quantity. 

- i.".^. ■ - .: T?f7r.> A i. *'i"i*:3;»Ar. of the metre wiie— ^lenote the 

-rrsiv.-: ■•: •'T^si;;;j»,x^ *T :hf toii^ nwces. then the above equations 

- -^^ y^ . ' r 

r a:>i r, r^av be 5ef:er=j=ric >v sevtnl methods, and sfaoold be 
zrjajnLtd on ibt biixLri « f^r^:::* :i3ae. WTwn the reastance R is 
kaown to be very laearly ^4^:^x1 r.^ >. ihe sensabohty of the bridge 
ixuty be incrtased by iacrcasirj^ ibe jec^^h of the bridge wire. 
Thi« is attained by inserting in ihe jT*?* •» 3uid d two addi- 
tional coiU of wire, the coil a: j having a resistance equal to 
fi^ millimetres of the bridge ^ire, and that at «/ a resistance 
e<|ual to n^ millimetres, then equation ^35) becomes 

b loou f «^ -f //^ •♦• rj + r, - </ a - ^l a 

where u -' 1000 + N^ •<• «a '*' ''i "*" 'V 

Thebe modifications may, with advantage, be applied to the 
tibtin^ of standard resistance coils, and to the adjustment of 
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I^^sof wire, so that they may have a definite resistance, as in 

the inanufecture of standard coils for rough tests. The wire used 

for this purpose is of German silver, well insulated by two layers of 

siJk. To be serviceable the wire is wound — doubled on itself — 

upon a wooden bobbin, well soaked in paraffin wax. The two free 

ends should be connected to two terminals securely screwed into 

the bobbins. The adjustment in the resistance is made at the 

centre, which is left free for this purpose, care being taken to 

reduce the resistance gradually by soldering the double part 

together as required. When finished the coil should be covered 

with paraffin wax and wrapped with tape. In commencing the 

manufacture of a coil, one metre length of the right sized wire is 

cut off, and its resistance accurately measured. The proper 

length of wire required for the coil is then calculated, allowance 

being made for adjustment. For i and 2 ohms coils use No. 18 wire ; 

for 5 ohms. No. 19 ; for 10 and 20 ohms. No. 21. 

Fractlcal Exercises. — Manufacture coils having respectively 
I, 2, 5, and 10 ohms resistance by comparison with standard coils 
as explained above. 

Post Office Bridge, — The second form of Wheatstone's Bridge is 
the post-office pattern, which practically consists of a box containing 
twenty-two standard coils and connections arranged so as to form 
a very compact and at the same time complete bridge. A plan of 
the arrangement is shown in fig. 36, and the method of fixing the 
coils in fig. 37. The free ends of the coils, which are made of 
platinum-silver, are soldered to solid brass pieces fixed to a 
block of insulating material, and between the adjacent brass 
pieces there is a carefully formed conical recess, in which a stout 
conical brass plug with an insulating handle is inserted. When 
the plugs fit the holes tightly, the resistance coils are practically 
short-circuited, and to place any coil in circuit the corresponding 
plug is removed. With this pattern of bridge the proportional or 
ratio arms, s and Q, each consists of three coils of 1,000, 100, 
and 10 ohms resistance respectively, and form the top row in the 

box, the ratio — is maintained constant and equal to unity, ^ or 
^i^, according to the degree of accuracy desired, and balance 
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I, 2, 2, 




F?:. iff. 

5 ; lOf 2CL 2CL ;:: : : Dcx 2-dcx ^oc 500 : ... up to 5/xx> ohms, fix>m 
vbicfa acy desired -f^lix ixfci i 10 x i.i 10 ohms may be obtained 
by remo-rlng the proper pl'.:^ : itizs 576 vookl be made up as 

follows: 200^ 100 -f 50-1-20-1-5 + I. 

r ^^^ Wlicn the plug marked i N F is 

I I removed, innnite resistance is in- 

v~l troduced, and that part of the 

\j CTlD circuit is completely broken. The 

batter)' and galvanometer are con- 
nected to the terminals A and C, 
and £ and F respectively; the 
keys K, and K^ when closed con- 
nect the pieces c and Cj and F 
and Fj together by means of stout 
pieces of wires placed inside, and 
Fig. 37. indicated by the dotted lines. 

The wire of unknown resistance, 
which has to be determined, is inserted between the terminals 
A and k, and the student will experience no difficulty in following 
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the connections in this form of bridge if tigs, ^i and 36 be 
carefiilly studied together. The order of procedure in deter- 
mining the resistance of a wire is briefly as follows : With the 
galvanometer shunted determine the value of R to the nearest 
whole number by taking s = Q = io. Then to the first decimal 
place by taking Q=ioo and S=io, and finally to the second 
decimal place by taking Q» 1,000 and s=io. When this value 
has been obtained, it is highly probable that a deflection is given 
by the galvanometer, in which case the exact resistance may be 
found by interpolation as follows : Let r^ be the resistance when 
a deflection of d^ divisions to the left indicates too little, and 
(/•j + 'oi) when a deflection d,^ divisions to the right indicates too 
much ; consequently 'oi produces a difference of (dy + d.^ divisions, 
from which it is obvious that balance would be obtained when 

To take an example : The resistance of a coil was found to be 
between 574 and 575 ohms ; when too little there was a deflection 
of 10 divisions to the left, and 1 5 divisions to the right when P was 
575. Consequently 

K = S74.;-?x-o, = S74.-oo4 = S744 0h.s. 

It is important to notice that loose contact with the plugs 
introduces errors, and it is necessary before making a test to see 
that the plugs are put in firmly, and that the brass pieces and plugs 
are free from dirt or grease. 

The student will now be in a position to compare the results 
obtained with the metre bridge and the post-office bridge, and the 
following practical exercises are framed so as to give practice with 
both forms. It must, however, be remembered that the resistances 
as given by the box are only correct for one temperature, and the 
temperature of the room should be noted when a test is being 
made. The effect of variation of temperature upon the electrical 
resistance of a conductor will be apparent when the experiment 
(3) 7 c has been performed. In addition to its use as a bridge 
the postroffice box is frequently used as a resistance box. 

G 
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Experiment 7 c — ; 
•istaa€« and 



ef 
of »— Istmaee 



SpaeUle 
tth Tempanttwe 



Appartitus. — Mirror galvanometer and accessories, batter^^' 
metre bridge, post-office bridge, thermometer and heating app^-^ 
ratus, resistance coils previously manufactured. 

Fraetleal Bxorelses. — (i) Test the resistances of the mancf 
factured coils by the post-office bridge. 

(2) Determine exactly the resistance of a sample of wire tw(7 
metres in length, by both bridges, and enter the results as follows : 



Experi- 
ment 



Ratio arms 



s= 



Q = 



Rheostat Value of Deflection 
arm R deter* < for final 
p s I mined i adjustment 



Description Tempera* 
of wire ture 



(3) Insert the above sample of wire in an oil bath ; the 
temperature may be varied by using a spirit lamp. Determine 
the resistance at the temperature of the room, and at every 
10° increase of temperature up to 100° C. Allow the ,bath to cool 
down slowly, and measure the resistances at the same temperatures 
as before. Stir the oil well when taking the temperature. Enter 
the results as follows : 



Experiment 



Temperature 



Resistance 



Heating 



Cooling 



Temperature 
coefficient 



Exercises,— \* Calculate the specific resistance of the sample 
of wire used in (2) from the results obtained, and from the 

formula R = —i where R = resistance in ohms, 0- = specific resist- 

A 

ance = reBlstancc of centimetre cube, /-length in centimetres, 
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A = area of cross section in square centimetres --^ 07854 d^ 

(^= diameter). 
2. From the increase of resistance determined in (3) calculate 

^e mean percentage change of resistance per i® C, both for 

Seating and cooling. 

3- Plot two curves on the same sheet of squared paper, one 
for heating and one for cooling, taking temperatures as abscissic 
and resistances as ordinates. The value got for the percentage 
variation from a mean curve should correspond to the mean of 
the values found in (2). 



G? 



84 Practical Electrical Measurefnents 



CHAPTER VIII 

SHUNTS, MEASUREMENTS OF E.M,Esy HEATING 
EFFECTS, AND THERMAL CURRENTS 

Sliants. — Notes and Definitions, — Attention has already been 
drawn to the fact that it is often necessary to use shunts with such 
delicate instruments as mirror galvanometers, with the result, 
as the student will have observed, that 

( 1 ) The sensibility of the galvanometer is diminished, and con- 
sequently the range of the instrument is increased ; and 

(2) The galvanometer is protected from injury. 




Def. — A shunt is any conductor in which there is no source of 
E.M.F. which serves as a by-path to another conductor. 

Now, since the current passing through a shunted galvanometer 
is less than that which would pass with the shunt removed, but 
otherwise under exactly similar conditions, it is evident that the 
actual function of a shunt is to reduce the difference of potential 
at the galvanometer terminals. When a galvanometer is shunted 
the arrangement forms a simple divided circuit, and the relative 
strengths of the currents through the shunt and galvanometer may 
be readily determined as follows : In fig. 38 let the two cohductors 
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forming the divided circuit between A and c represent a shunted 
galvanometer, the branch A G C of resistance r^ representing the 
galvanometer, and the branch A SC of resistance f\ the shunt. If 
£ be the D.P. between A and c, the terminals of the galvanometer, 
and C, Cg, and C. the currents in the main circuit, galvanometer, 
and shunt respectively, then 

and -*=--■ {yj) 

or, in words, the relative strengths of the currents in the jralvano- 
fneter and shunt are inversely proportional to their resistances. 

Again, since c « Cg + c, and C, = Cg x _? 

''b 



.•.c-c..c.x^.c,(i.;:;)=c,(':^-:r.) 



and Cg = — i— X c ' 



rg + rg 



(38) 



similarly C* = — ^— x c 

From these results it is evident that the current through the 
galvanometer may be varied within wide limits by varying the 
resistance, r,, of the shunt, and it may be arranged so that the 
galvanometer current shall be any desired fraction of the main 
current For instance. 

If r, = rg, then Cg = J c by substitution in c^ - — 5— x c ; 

rg + rg 

» 'i ~ J ^g »> Cg = J c ; 
n n + 1 

„ ^B=- — ; ^g » Cg=_- C . . . . . . (39) 

w - I n 

In all cases in practice where it is necessary to determine the 
current through the galvanometer, it is usual to use shunt boxes 
containing resistance coils, such that n may ])e 10 or some j)ower 
of la To do this r, must be related to rg, as follows : 



^^ 
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—To Verity tbe K«latloi 

ir galvanometer 



] 



Experiment 8 a.- 
ApparatHS.—l-\\x\ 
constant cells, post-office box, and reversing key. 

The results of this experiment will depend to a great extent 
upon the constancy of the battery and upon the total resist- 
; of the circuit being maintained the same whilst the resist- 
The arrangement of the apparatus 
table for cases where the galvanometer 
resistance is from to to 20 
ohms. The battery is 
connected between the 
terminals E and C of the 
post-office box, and the 
galvanometer and revers- 
ing key are connected 
between the terminals a 
and C, so that B E A G C IS 
the main circuit, and the 
portion of the box between 
the galvanometer. If a high 
10 limes that of the galvanometer) be inserted 
n circuit, and the battery remain constant, it may easily 
be proved that very little variation will take place in the strength 
of the current in the main circuit, although the shunt resistance 
Tj be varied between fairly wide limits. By removing (he infinity 
plug in the shunt branch, r, becomes infinite, or, in other words, 
\ the shunt circuit is broken, and the deflection obtained is a measure 
throughout the experiment. K is 
a tangent galvanometer, G,, in the 
may be detected at once. 
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Fimotteal axereises. — (i) Connect the apparatus as shown in 
fig. 39, and note the galvanometer deflections, both direct and 
reversed, when the following resistances form the shunt ; infinity, 
20^ 10, 5, 4, 2, and I ohms. Tabulate the results as follows : 



Experi- 
ment 



Value 
ofr. 


Deflections 


Direct 


Reversed 









Mean, repre- 
senting value 

of current 
through gal- 
vanometer 



I 



from 



Value of c 
determined 
Cg— ^1 ^ with tangent 
I galvanometer 



yg+r. 



(2) Plot a curve with values of r. as abscissae and deflections 
as ordinates, and prove that Cg : c. = n : rg. 

Exercises, — (i) Prove that if a shunt of resistance r- = — -- r^ 
^ ' /i-i * 

be applied to a galvanometer of resistance rg in a circuit of low 



resistance, that compensation resistance equal to 



n-i 
n 



r^ must be 



i 



added to the main circuit to maintain a constant current in that 
circuit 

(2) A galvanometer of 1,245 ohms resistance is shunted so 

that only— i-th of the total current passes through the gal- 
250 

vanometer ; what must be the resistance of the shunt, and what 

is the diminution in the resistance of the circuit by using the 

shunt? If I24'5 amperes pass through the shunt, what is the 

strength of the main current ? 

Answers : 5 ohms ; 1,240*02 ohms ; 125 amperes. 

(3) Calculate from the results obtained the values of r, for a 

I I 



-, or 



shunt-box for the galvanometer used, so that — . 

** 10* 100 

the total current may pass through the galvanometer, as desired. 



1000 



of 



Experiment 8 6. — Comparison and Measurement of E.K.F.s of 

CeUs. 

Apparatus, — Mirror galvanometer and accessories, several 
different cells, high resistance and connecting wires. 
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others may be deduced, which fonn the basis of measurements 
depending upon the £^1 of potential along a wire. For instance, 

E ^, 

it follows that ^J = !i (43) 

that is, the D.P. between any two paints in a circuit is the same 
proportion of the E.M.F. {pf the circuit) as the resistance between 
the points is of the total resistance of the circuit. Again, 

since e = CR, ^i = Cri, ^j = cr2,^3«Cr3, 

.". drop in volts = ohmage x amperage, 

and j'''!' (44) 

Ohmage refers to the resistance between the two points under 
consideration. These relationships may be verified by using a 
galvanometer, having a resistance of 1,000 ohms or more, con- 
nected to a post-office box, as in Experiment 8 A, or, better still, 
by using the high resistance galvanometer with the metre wire 
of Experiment 6 A ; in fact, the two Experiments 6 A and 8 C 
are identical, since the relationships just given are direct con- 
sequences of Ohm's Law. A constant battery is connected to the 
ends of the metre wire, and the D.P.s between different points 
along the wire are measured by the deflections of the high- 
resistance galvanometer. 

FraetleAl Szerolses. — (i) With the high-resistance galvano- 
meter connected as in Experiment 6 A, observe the deflections when 
20, 40, 50, and 75 centimetres of the metre wire form the boundary 

of the galvanometer circuit, and prove the relationship ~^=^~^, 

(2) With the high-resistance galvanometer and post-office box 
connected as in 8 A (see fig. 39), observe the deflections, both 
direct and reversed, when r% i"*, 3^ 4"', and s"* are inserted 
between A and c, (i) with i|000 ohms and (2) 2,000 ohms inserted 
between E and A. 

Tabulate the re«ult« as followg : 
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Experiment 



Resistance 
between 
A and c 



Deflections 




Direct Reversed Mean 



Ratio of 

pairs uf 

resistance^ 



Kutio of 

C(>rrrKjK>i)(litiK 

lUlifs of 

iletlet.tiotit 



(3) Plot a curve, taking values of resistances as absciss;c and 
the deflections as ordinates. The curve should be nearly a straight 
line. 



Experiment 8 D. — ^Keasorenieiit of B.M.r. witta Fotentlometer. 

Apparatus, — As in Experiment 8 C, with several cells to be 
tested. 

By modifying experiment (i) of 8 C we can compare and 
measure the E.M.F. of cells, and for this reason the metre wire is 
known as 2i potentiometer. When in use the ends of the wire arc 




Fk;. 41. 

maintained at a constant D.P., and it is an advantage to use two 
sliding keys of the kind shown in fig. 27. The connections for the 
measurement of E.M.F. are shown in fig. 41, in which A D is the 
potentiometer wire, which is divided into 1,000 pails by the 
millimetre divisions of the scale. B is an accumulator cell or two 
DanielPs cells, by means of which the I). P. between A and D is 
maintained constant. Two cells, C, and c.^, are connected to one 
terminal of a high-resistance galvanometer and to the keys K^ and 
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iCj, so as to be in opposition to the battery B. The other terminal 
of the galvanometer is connected through a resistance coil to A. 
Assuming that the potentiometer wire is of uniform section, the 
resistance between any two points, and consequently the D.P., 
will be proportional to the length of the wire between the two 
points, and the test consists in finding two points, a and ^, in a D 
such that the D.P. between A and a^ due to the battery b, 
balances the D.P. between the same points due to the cell c^, in 
which case there will be no deflection of the galvanometer 
needle, and similarly with respect to the D.P. between A and 
b for the cell C.^. Let /, and /^ denote the lengths A a and A b 
respectively, and e^ and e.^ the E.M.F.s of the cells Cj and Cj, 
and we shall have 

^1 = ' and ^, = > X ^, . . . . (45) 

It is a good plan to use a standard cell for c.^, of which the 
E.M.F., ^2, is known, and to keep the standard cell connected up 
whilst the cells to be tested take the place of Ci in turn. For 
many purposes an ordinary Daniell's cell serves as a standard cell, 
and when in good condition its E.M.F. may be taken as n volt. 
The following example very clearly illustrates the principle under- 
lying all potentiometer measurements : 

Example, — A battery of i ohm resistance and E.M.F. E volts 
is connected to a uniform wire of 9 ohms resistance stretched 
over a scale 90 centimetres long. The D.P. between the ends 

of the wire is -^ e, and D.P.s of 'i E, •2E, 'SE, &c., will exist 

10 

between points 10 centimetres, 20 centimetres, and 30 centimetres 

apart respectively along the wire. When the battery is replaced 

by another of the same resistance but of E.M.F. E^ volts, it is found 

by means of a galvanometer that the D.P. between two points in 

the wire 20 centimetres apart is. the same as the D.P. between 

two points 10 centimetres apart in the former case. Compare 

E and El. 

In the first case -^ = -i and e. = — E, 

E 10 
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In the second case '^ -2 and e,^~ — e, 



= 2Ei, and E : E, = 2 : I. 
— (i) Deiermine the E.M.F. 



of 
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Leclanch^ cell, Smee's cell, and Grove's cell by the potenliometer 
method (see fig. 41), using a Daniell's cell as the standard. It is 
important to notice that the E.M.F. of the battery must be greater 
than the E.M.F. of the cell under test. Tabulate the results as 
follows : 



E.M.F. ' 



Experiment 8 E. — SeatliiK BiTeota of • Currant. 

Apparatus.— 'Ba.tttry of three or four Daniell's cells, tangent 
galvanometer, reversing key, coils of 
high-resistai3ce wire, water bath (fig. 42), 
and variable resistance. 

Notes and Definitions. — Electrical 
energy produced by a voltaic cell may 
be transformed into an equivalent amount 
of mechatdcal, chemical, or thermal 
energy, and in all cases where the 
electrical energy is not expended usefully 
in one or other of these forms it is 
frittered away as heal in some part of 
the circuit. Advantage is taken of the 
fact that currents of electricity will pro- 
duce heat in many commercial under- 
takings, such as electric lighting, electric 

heating, welding, and smelting. And it is evident that wherever 
resistance is concentrated, heat is manifested ; consequently 
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whenever a current of electricity passes along a wire, the tempera- 
ture of that wire is raised to a greater or less extent The 
quantity of heat developed in a conductor was found by Joule to 
be proportional 

(i) to the square of the current ; 

(2) to the resistance of the conductor ; and 

(3) to the time. 

The connection between these quantities and the heat developed 
is known as Joules Law, which, stated algebraically, is as follows : 

h = c'r/xo*24 (46) 

where c is the current in amperes, R the resistance in ohms, / the 
time in seconds, and H the number of units of heat. 

Def, — The unit of heat is that amount of heat which will raise 
I gramtne of water through 1° C. of temperature, and is called the 
Calorie, 

Joule's Law may be easily verified. A section of the water- 
bath required is shown in fig. 42. G is a glass or brass vessel 
enclosed in a wooden box, B, large enough to allow a thick layer 
of sawdust to surround G. The conductor, w, of German silver, 
having a fairly high resistance, is attached to two terminals, 
/ and /j, fastened to a wooden lid, and is coiled into a loose 
spiral, as shown. When the cover is fitted on G, the conductor 
should be completely immersed, but should not touch the bottom 
or sides of the bath. A reliable thermometer, T, also passes 
through the cover, and it is important that the water should be 
repeatedly stirred by means of a glass rod passing through the 
cover before the readings of the thermometer are taken. The 
heat developed is found by taking the product of the weight of 
the water in grammes, and the number of degrees, c, of increase 
in the temperature. The resistance of the conductor should be 
determined beforehand. 

Fraotloal Bxeroltes. — (i) Take about 18 inches of No. 40 
copper and German silver wires, and send a current from three 
cells through each. Note which gets the hotter. Shorten the 
German silver wire gradually until 2 or 3 inches only are in circuit. 
Note what happens. 

(2) Connect the water-bath in series with the battery and 
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tang^ent galvanometer, and allow the current to pass for fiyt or ten 
minutes. Repeatedly stir the water, and note the temperature at 
the beginning and the end. Enter the results as follows : 
Duration of test . . . . / seconds 

Weight of water w grammes 

Resistance of conductor . . . . R ohms 



experi- 
ment 



Temperature 


Ti-To 


To (begin- 
ning) 


Ti(end) 









Galvano- 
meter de- 
flection 



C=Ktana 



Heat developed 



c'r^ X 0*24 



wx(t,-To) 



(3) Repeat the above with (i) different conductors, and (2) 
different currents. 

(4) Determine the resistance of a conductor by the above 
method. 

(5) Connect experimental tangent galvanometer (fig. 19), copper 
voltameter (fig. 22), and water-bath in series with a constant battery, 
and determine the connection between the magnetic^ chemical^ and 
thermal effects of a current. 

Exercises, — (i) What sources of error have you noticed in the 
above experiments ? 

(2) Prove that the current is proportional to 



V 



Ti-To. 



(3) Plot a curve with the values of the rate of rise of temperature 
or increase of temperature every minute as abscissae and tan a as 
ordinates. What do you learn from the shape of the curve ? 



Experiment 8 F. — Thermo-Slectrlo Cnrrents. 

Apparatus, — The same as in experiment 8 E, together with a 
German silver and iron couple, a thermometer, and water-bath, 
test tubes, alcohol, and ice. 

Notes atui Definitions, — If the junctions in a closed circuit formed 
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Fig. 43. 



of dissimilar metals are not all at the same temperature, an E.M.F. 
is set up, and a current, known as a thermoelectric current^ 
traverses the circuit. Thus if a German silver wire, A, be soldered 

to an iron wire, B, as at C 
in fig. 43, and the free 
ends a and b of the 
German silver and iron 
wires respectively are 
connected to copper 
connecting wires so as to 
be joined to a galvano- 
meter, as shown in the 
figure, the arrangement 
forms a thermo-electric 
couple. If the junction 
C be warmed so that its temperature is higher than the common 
temperature of a and b^ a deflection of the galvanometer needle 
will be obtained, indicating that a current flows across the heated 
junction from the German silver to the iron — i.e. from B to A across 
C. If the temperature of c be lower than that of ^ and b the direc- 
tion of the current is reversed. The electrical energy is due to the 
heat absorbed at the hot junction ; and the thermo-E.M.F,, within 
certain limits, is proportional to the difference of temperature be- 
tween the hot and cold junctions, and it continues so long as the 
difference of temperature is maintained. This phenomenon is 
known as the Seebeck effect. 

Fraotical ■xefoUe*.— (i) Enclose the ends a and b of the 
c;crm«in-silver-iron couple in test tubes filled with alcohol. Note 
the galvanometer deflections when the junction c is at the samci^ 
it /vfi*^r^ and a M\^/tcr temperature than a and b. The bare wires 
must not lovich one another except at c. 

\^2) Dclcrminc the galvanometer deflection for every 5° C, 
inriTrtse of triuperaturc up to 100° C. by placing the junction c in 
\\\v \v;\lor-l>rtlh. 

\y\ lU^tt^tmine by the potentiometer method the E.M.F. set up 
whrw iMf^ rt! ^>^'' V\ rtt\d f9 and b at o" C. (by means of ice) in terms 
tM \ht» l^l.M.t . \s\ rt Omut?ir8 cell. Connect the couple in the place 
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CHAPTER IX 



ELECTRO-MAGNETISM 



Notes and Definitions. — The close connection existing between 
electricity and magnetism, to which we have already referred 
(Experiment 4 a), plays a most important part in the practical 
applications of electricity, and the following exercises have been 
arranged to explain the principles applied in the construction o 
electro-magnetic mechanism. The nature of the magnetic fields 
set up by a current are depicted in fig. 44, and the student is 
advised to trace the connection between the direction of the 




/ - ^ 
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Fig. 44. 

magnetic field due to a circular current (fig. 44 d) with the field due 
to a straight current (fig. 44 a). By means of fine iron filings 
sprinkled on cardboard, cut so as to pass inside a long coil of 
insulated wire, a map of the magnetic field accompanying the 
passage of electricity through the coil may be obtained, and it 
will be found that when the length of the coil is great compared 
with its diameter the field within the coil is fairly uniform, and that 
its direction is parallel to the axis of the coil, except at the ends. 

H 
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Externally the magnetic field exactly resembles that of an ordinary 
bar magnet, and, so far as its magnetic properties are concerned, 
the coil is an ironless magnet so long as the current lasts. It is 
important to notice that the magnetic field and properties com- 
pletely disappear immediately the current ceases. Such a coil of 
wire is called an electro-magnetic spiral, helix or solenoid. 

Def, — An electro-magnetic spiral^ helix or solenoid is a coil of 
wire wound on a tube or bobbin^ the diameter of which is small 
compared with its length. 

By placing a small magnetic needle in the positions shown in 
^%. 44 d^ it will be found that a solenoid through which a current is 
passing possesses polarity, and on reversing the direction of the 
current it will be found that the polarity is reversed. When the 
direction of the current is known, the polarity of a solenoid may 
be readily determined by the following rule : 

Grasp the solenoid with the right hand so that the fingers point 
in the same direction as the current^ then the thumb outstretched at 
right angles points in the direction of the "^ pole of the solenoid. 

Conversely, if the polarity be known, the direction of the 
current may be determined. As would be expected from 
equation (21), Experiment 4 A, the intensity of the magnetic 
field is proportional to the current flowing and also to the 
number of turns of wire. The product of the current in amperes 
and the number of turns is known as ampere-turns ^ and the 
magnetising force— i.e. the force producing the magnetic field — is 
therefore proportional to the number of ampere- turns. And by 
experiment it may easily be proved that the magnetising force 
is constant so long as the ampere-turns are the same, whatever the 
separate values of the current and turns of wire may be. Thus 
4 amperes flowing through 40 turns of wire produce the same 
magnetic field as 8 amperes flowing through 20 turns. If we 
denote the intensity of the field at the centre of the solenoid 
by Yi—i.e. the number of lines of force per square centimetre — it 
may be proved that 

H = 4^« = -l!:£^ .... (47) 

where C is the current in absolute units, C' the current in amperes, 
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and / the length of the solenoid in centimelres. And since 
■4n-= i'2S7i the intensity of the field in a long solenoid is equal 
to I '257 Hmes the number of ampere-lttrns per centimetre of length 

I of the solenoid. 
I 4jrC« or "4^ c'« is analogous to E.M.F, in the electric circuit, 
ind is known as magneto-motive force. 
I Exftriment 9 A. — Comparlaon or BlBotro-masnetlo nelde. 
I ^^^iirii/tf;,— Magnetometer and scale (figs. 11 and 12 a). 
pangent galvanometer, battery of constant cells, variable 
lesistance, two exactly similar solenoids, compass needles, iron 
filings on cardboard, reversing key and connecting wires. 

As the following tests are simple and similar to the magnetic 
tests already performed, it will only be necessary to point out one 
~*w two details. The dimensions of the bobbins for the solenoids 







e given in fig. 45, and each should be wound with eight layers 
I. 20 or 22 well -insulated copper wire, divided up into four 
OS, each containing two layers having the same number of 
■ turns. By using five terminals as shown, one, two, three, or four 
■sections may be used as desired. 

Vmctlaal Bxeroties. — (1) By means of iron filings sprinkled 
D cardboard obtain maps of the several magnetic fields shown 
O fig. 44, and by using a compass needle determine the direction 
rfthe magnetic field both for direct and reversed currents. 

(a) Prove the rule for determining the polarity of a solenoid. 

(3) Determine whether the current circulates clockwise or 
a-clockwisc when looking at the N pole of a solenoid. Do 
ame for the s pole. 

(4) By the method of vibrations, Experiment 2 c, prove that h 
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is constant so long as the number of ampere-toms remains the 
same. The arrangement of the apparatus is shown in fig. 46. 

Connect the tangent galvanometer, resistance, and battery in 
series with the solenoid, and when all the coils are in circuit, send 
about ^ of an ampere through the circuit 

Determine the number of vibrations, ii p both for the direct and 



f 



^xhrahne 




Fig. 46. 

reversed current On taking one set of coils out of the circuit 
increase the current by one- third. Again, take the number of vibra- 
tions, /I5, and so on, keeping the ampere-turns the same, by varying 
the resistance in the circuit and noting the readings of the 
galvanometer. 

Note ^'s-""'' =» I, ;/ = vibrations due to earth's magnetism. 
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(5) Fix up the magnetometer and scale as in Experiment 3 B, 
the solenoid taking the place of the magnet in the * end-on' 
position, and by means of the deflections compare the values of H 
when one, two, three, and four sets of coils are in circuit, the same 
current passing each time. The current may be maintained con- 
stant by inserting four sets of coils of the second solenoid in circuit 
with one set of the first solenoid. By taking one set of the second 
solenoid out of the circuit when an additional coil of the first is 
added, the resistance of the circuit remains constant. The 
arrangement of the apparatus is shown in fig. 47, Sj being the 
solenoid under test, and s, the second solenoid; G the tangent 
galvanometer, which must be some distance from the magneto- 
meter, M ; R K is the reversing key. The distance between Sj and 
M must be adjusted to give suitable deflection when the four sets 
of coils of Si are in use. Tabulate the results as follows : — 



Experiment 




Deflections 



Reversed Mean 



Mean deflection 
Nnmber of turns 



Exercises, — (i) On squared paper plot a curve, taking the 
ampere- turns as abscissae and the deflections as ordinates. 
(2) Since there are 4 n magnetic lines per unit pole, prove that the 

pole strength of a solenoid is 



»/ = 



10/ 



units. 



Note, — The total number of lines of force passing through the 
solenoid = H x area = H x ir r* ; r- radius of solenoid. 

Kametlo Froperties of Zron. — Notes and Definitions, — We 
are now in a position to consider the discovery made by Arago 
and Davy independently in 1820, i,e, that magnetic substances 
are magnetised by inserting them in a coil of wire through which 
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a current is passing. When we remember that unmagnetised 
iron and steel become magnetised when placed in a magnetic 
field, it is easy to understand what takes place when a current 




circulates round a piece of iron or steel. In fig. 48, H is a 
ho!!ow coil, and B the same coil with a core of soft iron, the same 
current passing in each case. The upper figure is simply a 
magnetising coil, the magnetic field of which is of a definite 
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intensity and easily determined by (47), and is represented by H lines 
per square centimetre. With the iron core inside, the intensity of 
the resulting field for the same current is represented by B lines, 
B being much gfreater than H, from which we see that the presence of 
iron increases the intensity of the field by (b - H) per square centi- 
metre. What actually taices place is that the H lines due to the 
current magnetise the iron by induction, and thus create (b-h) 
lines in the iron core. The result of placing iron in the coil is 
twofold : 





(i) It concentrates the lines of force, iron being a good 
conductor of magnetic lines, and 

(2) Increases the number of lines by induction. 

Iron is thus said to be more permeable to lines of magnetic 
induction than air, and the intensity of the magnetic field, or 
degree of magnetisation in the iron, which is denoted by B lines per 
square centimetre, is known as magnetic induction. 

The ratio of B to K is symbolised by the Greek letter /i, and is 
known as the permeability of the iron. That is, 
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— s ^ and B s /A X H . . . . . (48) 

H 

from which it is evident that ft, or permeability, is of the nature 
of a numerical coefficient, and denotes the specific magnetic con- 
ductivity of iron. The permeability of air is taken a$ the standard 
of reference, and is said to be unity. To take an example, if the 
induction in a sample of iron is denoted by 12,000 C.G.S. lines 
when the magnetic force is 15, 

the permeability = I* =- = i^!??? = 800 ; 

that is, the permeability of this sample .s 800 times that of the air 
under the same conditions. By experiment it is proved that 
permeability is a variable quantity, the value of ft changing with 
every change of H within certain limits. Permeability also varies 
with different samples of iron. 

Experiment 9 B. — MagrnetisaUoii ef trea. 

Apparatus. — Same as in 9 A, with the addition of several 
samples of iron wire, 16 centimetres long and No. 22 gauge, two 
rods of good soft charcoal iron, and two rods of hard steel r 
ccnlinictrc diameter and 16 centimetres long in both cases. 

In these tests the samples of iron and steel are inserted in a 
j^nlcuoid, so that the centre of the core coincides with the centre 
of the roil ; in the case of the iron wires it will be necessary to 
\M\^^ thnn through plugs of cork fixed in the solenoid, so that the 
w iir«i roi!\ridr with ihe axis of the solenoid. As in Exercise 5 of 
K\|»«*iiM^t»ut g A, the solenoid is placed in the end-on position 
\V^^- 4^\ rtiul the distance d must be adjusted, so that when the 
h^\l\i\thM\ is A maximum the magnetometer deflection may be 
>lot^^n\\lno«l, Should the iron or steel exhibit magnetic properties 
|MV\^s^\i* t\» thf» tfst it must be thoroughly demagnetised. The 
^\^^u\m^u\ iiwluof^d is measured by noting the deflection of the 
^\^iju<>tsM^\0tov nredle, and the intensity of magnetisation is 
VA^M^'^^ml \\\ trtms* of the earth's magnetism at the place where the 
\^\ u W\y\^ iuttdo. Previous to making the test for induction the 
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value of H due to the current alone should be determined for each 
individual value of the current which it is intended to use. The 
strength of the current may be got from the readings of the tangent 
galvanometer, or by means of an ammeter taking its place. 

Fraettoal Szerclses. — (i) With the apparatus connected up 
as in fig. 47, determine the magnetometer deflections when the 
number of turns on s^ are varied, as in Exercise 5 of Experi- 
ment 9 A, the resistance of the circuit being maintained constant 
for each sample of iron and steel. Enter the results as follows : 



Expt. 



No. of turns 
of s, 



Magneto- 
meter 
deflec- 
tions a 



c 
o 



6 



Moment of electro- 
magnet from 

M = H - tan o. 

2 

H - Earth's 
magnetism 



Strength 
of pole 



Pole streneth 

divided by 

4irc«t 

10/ 



(2) Take each sample of iron wire, and determine the induction 
and the intensity of magnetisation by gradually increasing the 
magnetising force. Plot the results on squared paper, taking in 
each case the magnetising force as abscissa and the induction or 
intensity of magnetisation as ordinate. In each case also plot 
the curve for the hollow coil for corresponding magnetising forces, 
and by deducting the ordinates thus obtained from those of the 
induction curve, plot the curve giving B - H On each sheet there 
will be three curves. 

Method of making calculations : — 



(i) Value of H (magnetising force) « 



_47rC« 



10/ 



H^ 



(2) Value of magnetic moment from M = — tan a (see Experi- 



ment 3 B). 

(3) Since magnetic moment, M = ;/^ x /, 



m = 



M 
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(4) Number of lines offeree issuing from pole. 
There ate 4 rr magnelic lines per unit pole, therefore Ihe total 
number of lines of force due to solenoid and core 



(6) Inlensiiy of magnetisation of core = I=pole strength of 
>re per square centimetre of polar surface. 

B - H = magnetisation of core 
= 4irl- 
,'. I (intensity of magnetisation) =^^^. 

(7) Permeability - - = jj, 

(3) Determine the deflection when the magnetising force i 
removed in the case of the soft iron and steel rods. What deduc- 
tions may be drawn from the results thus obtained ? 

Expcriineni 9 C, — Blectro-mftcoeta- 

Apparatus.— PiS, in 9 B. 

When soft iron is magnetised by a current circulating around 
it, the combination forms an electro-magnet, and it will have been 
observed from (3), above, that the core immediately loses its mag- 
netism when the current ceases. On this account electro -magnets 
are of primary impiortance in many of the practical application 
electricity, and the following exercises are intended to demonstrate 
the essential features in the construction of electro-magnets. T 
is obvious from what has been said that the magnetism of a 
electro-magnet is proportional to the number of ampere-tums and 
to the permeability of the core. The connections for making the 
tests are shown in fig. 49, from which it will be seen ihat.the two 
solenoids are placed side by side parallel to the meridian, and that 
the same current is sent through the two solenoids, so that a 
pole is adjacent to a S. pole. With this arrangement it is evident 
that the two poles form a magnet, the axis of which is at right 
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angles to t 
being the straight line joining the 
poles. Consequently the magnet is 
placed in the ^broadside position' 
(Exp. 3 A), and its magneiic moment 
may be calculated from 

M - H rf= tan n, 
H being the earth's magnetism and 
a the deflection of the magneto- 
meter. In fig. 49 the battery con- 
nections, which are I" 
in fig. 47, are omitted. 
the usual method of making electro- 
magnets is shown, together with the 
method for connecting the 
between the two limbs. When 
yoke of soft 
in fig. 49, the electro-magnet is 
equivalent to the one shown in 
fig. so. When the yoke is removed 
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evident that relative motion maybe produced in several ways, 
ihe following of which may be mentioned : 

(I) By moving s or p ; 

(a) By stopping ihe current in P ; this is equivalent lo with- 
drawing S ; 



y making the c 




If the battery and gajvanotneter 

be interchanged we shall find thai 
the result is the same, provided the 
conditions are the same, and the 
electrical pressure developed by 
varying the magnetic field em- 
braced by s is termed the E.M.F. 
of mutual induction. The coil 
through which the current flows is 
known as the primary coil and is 
marked P, whilst the adjacent coil 
in which a current is induced is 
known as the secondary coil, and is 
marked s. As may be proved by 
experiment, the magnitude of the 
induced current is materially in- 
creased by inserting a soft-iron core 
in p, and is a maximum when the 
secondary coil surrounds the pri- 
mary, their coils being co-axial, and 
their centres coincident. 

PTBotloal Bxerelaea — ( i ) Con- 
nect the t«o hollow solenoids as shown in fig. 55, and note the 
:hrow of the galvanometer needle when the current in the primary 
is slitrled, stopped, and reversed. Should the extent of swing due 
to the induced current be off the scale, resistance may be added 
,n series with the galvanometer. 

(2) Delemiine the throw of the galvanometer needle when the 
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the first swing. From the results compare the intensity of the 
magnetic field at different points along xy. Do the same when the 
direction of motion is reversed. 

Exercise (i). — From the results obtained above show on what 
the magnitude and direction of the E.M.F. depends. 



^1 



T 



1 



Experiment lo B. Bleotro-lndnotloii. 

Apparatus^ as in lo A. 

Notes and Definitions. — When we remember that currents of 
electricity set up magnetic fields we 
can readily understand that a current 
in a conductor also acts inductively 
upon neighbouring circuits. In fig. 54 
p and s are two closed circuits placed 
near to one another, in the first of 
which a current is established. Conse- 
quently a magnetic field of constant 
intensity and permanent position 
relative to P is created, and n lines 
of this field thread through s, the 
value of n depending on the posi- 
tion of S relatively to p. The lines 
embraced by S will not vary so long 
as the current in P is constant, and 
consequently no E.M.F. exists in s, 
nor will any current be induced in s 
until the relative positions of S and 
the lines from p change. An induced 
E.M.F., however, is at once set up 
in s immediately relative motion 
takes place between the lines of 
force and the coils of s, in conse- 
quence of which the value of ;/ 
changes, and a momentary induced 
current flows round s in the direc- 
tion indicated, which is opposed to that of the inducing current. 




Fk;. 53. 
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Experiment loc. — Belf-lndnetloii. 

Apparatus, — As above. 

Notes and Definitions,— Smct a current in a conductor acts 
inductively upon neighbouring conductors, it must also have a 
similar action upon itself whenever a change occurs in the 
strength of the current and an induced E.M.F. is developed in 
its own wires, the direction of the induced E.M.F. being opposite 
to the E.M.F. of supply. In other words, a back pressure is 
produced, the tendency of which is to obstruct the current in its 
own path. This back E.M.F. is greatest when a circuit is made 
or. broken. Thus, on closing a circuit containing a battery and 
solenoid or electro-magnet, a definite fraction of time elapses 

before it establishes a current of 
constant strength, and during this 
time the E.M.F. of supply has to 
do work against the back pressure 
it is inducing. This phenomenon 
^— ^ I is known as self-induction, 

»/ l ] 1 When such a current is broken, 

vi>^ 1 the magnetic field is gradually 

withdrawn from the coils, and this 
is equivalent to the magnetic field 
linking the coils from the opposite 
side, and the E.M.F. is thus in the 
same direction as the E.M.F. of the cell. Naturally the current 
itself tends to continue in motion, and in this it is assisted by the 
induced E.M.F., with the result that the pressure is so great that 
an exceedingly bright spark is produced. This property, in virtue 
of which a current * tends to go on ' when the circuit is broken, is 
sometimes termed ' electric inertia,* and this idea is very useful in 
assisting us to remember that it is impossible to produce any 
instantaneous change in a current when self-induction is present in 
a circuit. 

Practical Bxerolses. — (i) Connect in series a battery of 
several cells, reversing key, and electro-magnet. Note the bright 




Fig. 56. 
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spark on breaking the circuit which appears at the point where 
the circuit is broken. 

(2) Connect the mirror galvanometer as a shunt to an electro- 
magnet, as shown in fig. 56. B is a powerful battery, and K is a 
make-and-break key. Block the needle so that it cannot be 
deflected by the battery current, whilst at the same time it is free 
to move in the opposite direction. Note the result when the 
circuit is made and broken. 

Exercise, — (i) Explain the results obtained in (i) and (2). 
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E,M,F. of Cells. 



DanielPs . 
Grove's , 
Bunsen's . 
Leclanch^ 
Bichromate 

Specific 
Copper 
Silver . 
Platinum 
Iron . 
Lead . 
Mercury 
German silver 
Platinoid 
Manganin . 



Hydrogen 

Silver 

Copper (Cupric) 

,, (Cuprous) 
Tin (Stannic) . 

„ (Stannous) 
Iron (Ferric) 

„ (Ferrous) 
Nickel . 
Zinc 
Lead 
Oxygen . 



I '07 volts (approx. ). 

19 

19 

1-4 

2*0 






»> 



)> 



it 



Resistance of Metals at 0° C in Microhms. 

. I '584 per cm. cube, and '6236 per inch cube. 



. I -492 
. 8-982 

■ 9-637 

. 19-47 

. 94*34 

. 2076 

• 32-5 

. 47*5 



>> 

>» 
>» 
»> 
)) 



>> 
}) 
>» 
>> 

it 



•5874 
3-536 

3-794 
7-665 

37-14 

8-173 
I2'8o 

187 



>> 

ii 
II 



Electro-chemical Equivalents, 

= '000010384 grammes per coulomb. 



= 0*0003281 




«o '0006562 




= 0*0003058 




= 0'OOo6ii6 




= 0'Oooi935 




= 0-0002902 




= 0*0003043 




sO'00033698 




= 0*0010716 




- 0*00008286 
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' We welcome this book as a thoroughly trustworthy and useful work.' 

Electrician. 

* An admirable exposition of the theory and practice of the modern dynamo.' 

Atheuuam. 
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